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ABSTRACT 
MEASUREMENTS OF STUDENT UNDERSTANDING 
ON COMPLEX SCIENTIFIC REASONING PROBLEMS 
FEBRUARY 2004 
ALISA SAU-LINIZUMI, B.A., MOUNT HOLYOKE COLLEGE 
M.Ed., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ed.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor John Clement 
While there was much discussion on the elements of cognitive processes linked 
to effective scientific teaching, less was known about the response nature on 
assessments targeting processes of scientific reasoning specific to biology content. This 
study used multiple-choice (m-c) and short-answer essay student responses to evaluate 
progress in high-order reasoning skills in introductory biology. In a pilot investigation 
on the relative differences in student responses on a non-content based test of scientific 
thinking, some students showed a pre-post gain in the m-c test version while showing 
no gain in a short-answer essay version of the same questions. This led to a subsequent 
research project focused on differences between different versions of tests of scientific 
reasoning. Using m-c and written responses from biology tests targeted toward the 
process skills of reasoning with a model and designing controlled experiment, test score 
frequencies, factor analyses, and regression models were analyzed to explore test format 
differences for scientific reasoning problems. Understanding format differences in tests 
is important for the development of practical ways to identify student gains in scientific 
reasoning. 
v 
Frequency distributions on the m-c and open explanation portions of the hybrid items 
revealed that many students answered the m-c portion of an item correctly but gave 
inadequate explanations. In other instances students answered the m-c portion 
incorrectly yet demonstrated sufficient explanation or answered the m-c correctly and 
also provided poor explanations. When trying to fit test score predictors for non- 
associated student measures—VS AT, MS AT, high school grade point average, or final 
course grade—the test scores accounted for close to zero percent of the variance. 
Overall, these results point to the importance of using multiple methods of testing and 
of further research and development in the area of assessment of scientific reasoning. 
vi 
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CHAPTER 1 
INTRODUCTION 
1.1 Background of the Problem 
University level students should be better equipped to handle questions that 
require reasoning beyond factual recall. Historically multiple-choice tests given in the 
introductory biology courses at the University of Massachusetts were designed to elicit 
factual recall information. The ability to reason with theories and causal models is an 
essential skill for understanding dynamic biological function. Given the desire to 
produce student outcomes encompassing a more complex network of concepts and 
skills, two faculty members changed their teaching focus and assessment in their 
respective large lecture classes. 
Through teacher efforts to promote class discussions, student inquiry has 
increased. Broadly conceived, inquiry is a way of thought and a process by which 
students seek information or understanding (Welch et al., 1979). Inquiry-oriented skills 
can also be described as a general ability to think about data and models and their 
placement in novel situations. This facilitates the development of mental models in 
biological topics. Students focused less on memorizing and more on developing 
scientific thinking skills. Biology faculty worked with cognitive research members to 
improve the development of students’ scientific thinking through the questions they ask 
and methods by which students respond. The focus of these efforts have been on 
pedagogy and assessment design. Good teaching continually integrates lecture, class 
discussion and assessment to achieve outcome goals of higher-order cognition 
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(Pellegrino, 2001). Cognitive skills such as reasoning with biological models and 
designing experiments to test scientific hypotheses were identified as important 
scientific thinking goals that were taught and subsequently evaluated in the present 
study. 
c 
Assessment has played an integral role in student development (NCTM, 2000; 
NRC, 1996). Teachers who dialogue with students during class produce a formative 
assessment of ongoing student understanding. Students are able to discuss and evaluate 
their thinking, which improve their understanding of complex models (Vigotsky, 1978). 
When teachers are then better informed about student thinking, they can guide 
instruction to the students’ benefit. Another assessment called a summative assessment 
provides information that can be used to measure student differences at the beginning 
and end-points of their learning. Both on-going and final assessments were valuable to 
in the continued development of learning environments. 
To determine the effectiveness of inquiry approaches in the classrooms, we 
created paper-and-pencil assessments of scientific thinking. Improved scores on this 
summative assessment would likely encourage a commitment to higher-order scientific 
thinking goals in the college curriculums. We used essay-style assessments because 
they provide some rich output and are a relatively direct assessment of scientific 
reasoning skills. With the considerable time and energy needed to score essay-style 
assessment, I had wondered if our essay test could be replaced with a comparable 
multiple-choice (m-c) test. I explored this question by conducting a pilot study in which 
I compared score results on our scientific thinking test given in two formats—essay and 
m-c. This pilot study informed my current doctoral study on whether m-c, essay-style 
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and an added hybrid (m-c with essay explanation) assessment exhibited similar 
evidence of student understanding on complex scientific reasoning problems. 
A major component of the proposed research entailed the creation of multiple 
assessments to measure students’ abilities in scientific thinking within biology. These 
measures were intentionally created so students had to know more than just factual 
information. Instead, they were asked to solve complex problems involving biological 
processes, specifically questions that engaged in reasoning with a model (RWM) and 
designing controlled experiments (DCE). 
The purpose of the present research was to examine how various forms of 
assessment (m-c, essay, and hybrid) revealed information on student understanding with 
respect to two scientific thinking constructs, RWM and DCE. Using qualitative and 
statistical evidence, I compared three forms—often stated as formats—of assessments 
on scientific thinking. Before moving further on this question of testing formats, I 
provide some contextual background for these scientific thinking tests. 
1.1.1 Research Context: The STEP Project 
1.1.1.1 The Science Thinking Epistemology Project (STEP) 
One goal of science education reform (American Association for the 
Advancement of Science, 1993, Benchmarks for Scientific Literacy: National Research 
Council & National Academy of Sciences and Engineering, 1994, National Standards 
for Science Education) was to study the development of students’ scientific thinking 
skills. This view acknowledges that a goal of science education is to prepare K-16 
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students to participate in the generation and evaluation of scientific knowledge claims, 
explanations, models and experimental designs (Kuhn, 1993; Metz, 1991). 
The STEP research explored forms of scientific inquiry as evidenced in three 
nearby college institutions—Hampshire College, University of Massachusetts, and 
Mount Holyoke College. A major component of the STEP project was to identify 
teaching strategies that foster and sustain inquiry processes in the science classrooms. 
If students were making gains as a result of inquiry processes where they generate ideas 
and relationships, analyze data and information, critique evidence, and construct 
explanatory models, we wanted to be able to relate these gains to instructional 
treatment. 
One goal of our project was to measure scientific thinking skills in order to 
determine the effectiveness of inquiry-based instruction at the college level. We 
developed a scientific thinking survey (STS) for a summative purpose of determining 
whether any gains were made as a result of increased student inquiry in the classrooms. 
We first created a paper-and-pencil version consisting of simple scientific scenarios that 
did not require specific disciplinary knowledge. This test was open-ended so that 
student could form their thoughts and provide us with written evidence on their 
scientific-thinking process. To address my question about whether m-c or essay tests 
produced equivalent score distributions, I developed an abbreviated multiple-choice 
form whose questions matched the essay form. Common answers gathered from the 
open-ended form were gathered and placed as the m-c options from which students 
could choose an answer for each item. The effects of one semester of instruction were 
measured by administering both forms of the survey pre-and post-semester to groups of 
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university biology students. In a comparison between the traditional and non-traditional 
biology lecture sections, we found higher mean scores on a multiple-choice (m-c) form 
of the STS and negligible differences on the essay form. This result might not be 
surprising given that student coursework relied heavily on m-c tests of critical thinking. 
1.1.2 The Introductory Biology Course at the University of Massachusetts 
To form partnerships with sustainable reform efforts, STEP worked together 
with introductory biology faculty during the 2000-present academic years. The biology 
teaching staff was granted funds from a Pew Foundation instructional grant to address 
how to make gains in scientific thinking for students enrolled in the large lecture 
introductory biology course. The well-matched agendas of both biology faculty and 
STEP allowed for ongoing intellectual dialogs on feasible redesign and reassessment of 
introductory biology section. We had spent much time and energy in creating questions 
and subsequent discourse that promoted scientific reasoning. 
University faculty designed an electronically wired classroom called Classtalk to 
encourage student discussion in the lecture hall classes. Classtalk systems require that 
each student or small group of students be able to transmit a multiple-choice answer 
electronically to a central computer that can plot and display a histogram of the 
answers. The communication channel and software can also allow student log-in, which 
enables various forms of record keeping, such as lecture attendance. The study 
classrooms were wired with outlets that allowed students to plug in their graphing 
calculators and log into the class meeting and record their answers. Classtalk was 
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instituted to promote paired and group discussions within class ranging from 200-400 
students. 
To characterize the nature of the inquiry-based environment in the biology class, 
I recorded an initial meeting of the instructor with a subset of biology students. What 
follows is a transcript of an initial lab-class discussion between the students and the 
teacher. 
Student: ... I read stuff that I recognize but don’t know. In Classtalk, you don’t 
get the answer. This is different. Even after Classtalk discussion, you 
don’t give the answer. We end up talking about the questions outside of 
class... 
Teacher: The goal is to pick out a multiple-choice answer and reason how you 
go it. When I’m confronted with my own research... I don’t have a way 
to know whether an answer is correct. I have to reason. There’s ways to 
reason about this—That’s science. You make claims that you need to 
support. In the end that’s what you need to know. I don’t want you to 
wait until graduate school. 
Student: Is it safe to say that this is a course on how scientists think? 
Teacher: It doesn’t matter what I tell you. You’re going to forget it. If you use 
the material, you’re more likely to remember, (pause) You’re going to 
be confused about this course.... for quizzes and tests, there has to be a 
best answer. This is the goal. I want you to come to these answers 
through reasoning. Not because of memorizing. It will last longer. 
Student: Kind of a shock from High School. All this stuff is complicated 
(transcription; translation). Usually you start with a certain order. 
Teacher: How many of you are using the objectives on the web site to makes 
sense of the reading? I don’t really expect you to remember all of 
chapter 17. I have a list of objectives that were followed for tests/quiz. If 
you type in “Hiroshima” online, you’ll find lots of information. You can 
find a ton of information on anything I’ve said. It’s no longer the job of 
a scientist to “find” information. You have to think really hard to sift 
through the information and find the stuff that’s relevant. I’m not going 
to stun you with asking you questions where you have to recall 
something written on page such and such... {transcript ends) 
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In this discussion, the students are told how and why the teacher focuses on the 
process of scientific reasoning. Moreover, the teacher explains why Classtalk 
encourages them to ask questions and defend answers within biology. These classroom 
processes follow some of the goals outlined by the university biology department in 
Figure 1 at the end of the chapter. 
1.1.3 Taxonomy of Testing Terms 
Before moving into a discussion of the test measurement issues, a brief 
summary of testing terminology used in this paper follows. In the literature, multiple 
and often overlapping assessment terms are confusing. The terms assessment, quiz, 
test, and survey are used interchangeably. While sometimes value-laden with respect to 
the form of evaluation, all four constitute quantifiable construct measures. Constructed 
response, ffee-response. essay, open-format, or open-response refer to test items that 
require student-written responses to test questions. Multiple-choice (m-c) and later in 
the results portion of this paper—pure multiple-choice refers to test questions or stems 
that require choosing an answer among a fixed set of alternatives including a correct 
alternative and one or more distractors. Hybrid refers to a mixture of m-c and Essay in 
which students are given the opportunity to further explain their m-c answer in short 
essay form. 
1.1.4 Introduction to the Measurement Issue 
A clear understanding of what students know when given different scientific 
thinking tests was invaluable to the implementation of science education reform to 
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promote scientific thinking. While a test score can easily be defined as a quantitative 
value assigned to some behavioral sample, how well the score describes a person ability 
to think through multi-step problems was at question. The complex nature of scientific 
reasoning was not easily measured with shallow assessment. Indeed, achieving as well 
as documenting abstractions whose features were confounded with a variety of content 
and process skills was a formidable problem. 
Among the high-order cognitive outcomes in biology learning was the ability to 
transfer biological models to situations outside the teaching context. The present 
research examined differences in the ways tests capture student understanding in these 
specific cognitive goals. Written measures on how students reasoned with a model 
provided an efficient and convenient method for labeling and providing evidence of 
their understanding. 
The measurement issue for this research was the examination of how different 
written test forms capture student thinking. Though measures could differ substantially 
in content and levels of cognitive complexity, test features on both m-c and essay 
format were crafted to match in content and skill level. That is, the hybrid test questions 
were related in that part A of each question was m-c and subsequent parts asked for 
written justification for each m-c selection. For example, the first hybrid question 
related to the controlling of variables in an experiment that asked students to identify 
(choose) how well the data prove the hypotheses. The second open-response question 
further asked the student to redesign the experiment to better support the given 
hypothesis. The difference of selection as opposed to production was clearly suggested 
by these test questions. 
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1.2 Purpose of the Study 
Given prior score differences obtained in an experimental design investigating 
m-c and essay tests differences, further research was needed to better understand the 
nature of difference between the testing formats. The present research began first with 
an examination of the cognitive demands (content and levels of knowledge transfer) of 
items on various test formats that measure scientific process skills. Outcome scores on 
m-c, essay, and hybrid tests which measure overlapping scientific thinking constructs 
were used to create correlation matrices to begin the process of interpreting possible 
links. Using exploratory factor and regression analysis, scores were then taken from a 
final m-c course exam, a Friday essay quiz, and a hybrid scientific thinking quiz (a 
revision of the STS) to determine to any test format differences. Crosstab tables on just 
the hybrid items were also produced to identify possible differences in student 
responses on m-c and open-explanation on the same item stem. 
The primary measurement issue here investigated the possibility of measuring 
scientific thinking constructs such as reasoning with a model or controlling variables in 
experimental design through multiple-choice testing. Select student evidence on the 
pilot study had revealed contradictory information in the understanding of how m-c, 
essay and hybrid measures contribute to our understanding of students’ scientific 
thinking. Why had some students made pre-post test gains in the m-c and not the open- 
response form? In one limited study, format effects were found less frequently for 
reading comprehension and quantitative tasks than for writing and word knowledge 
tasks (Traub, 1993). In addition to correlational approaches, Traub suggested further 
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study into the cognitive components of test item and responses. As well as correlational 
analyses to provide evidence of format differences, this research investigated possible 
format differences through categorization student responses on biology test items and 
examination of crosstabular results on the hybrid items. It was felt that students scoring 
incorrectly on the m-c portion should correspondingly perform poorer on the open- 
explanation portion on the same item stem. 
Data were collected on multiple formats of biology test to report: 
1. response differences (crosstab frequencies) on hybrid scientific thinking 
test items. 
2. exploratory factor analysis on scientific thinking measures on three 
testing formats—m-c, hybrid, and essay. 
3. predictive models (linear regression) which relate measures of scientific 
thinking constructs on verbal scholastic aptitude tests (VSAT), math 
scholastic aptitude test (MSAT), and high school grade point average 
(HSGPA) taken in a step-wise fashion. 
Such analyses had provided valuable information in future assessments of scientific 
thinking. By describing possible gaps between m-c responses and essay support, we 
were investigating the utility of hybrid testing over m-c in the ST Biology Quiz. 
Substantial differences in the testing formats will have strong implications in the 
teaching and assessment of higher-order scientific thinking. 
10 
1.3 Research Questions 
No one could look directly into the students’ head and see how much they know. 
In the case of our biology assessment, we had designed some criteria the student could 
display to permit inference on student understanding in scientific processes. Few 
research studies had investigated whether individual and combinations of evaluative 
measures on scientific thinking skills produce equivalent results. Essay tests required 
less inference than m-c in determining what a student knows with respect to a complex 
thinking question. Scientific thinking items involved many factors. The present 
research was interested in seeing how different testing measures capture student 
understanding in complex thinking tasks. Because content and terminology was given 
in the m-c question (stem) and laid out choices (distractors), it is questionable as to 
whether m-c items triggered the same reasoning process as an essay question where 
students must produce and organize an answer. How had these differences of choice 
and production been revealed in assessment responses? Did evaluative procedures such 
as m-c, essay, or some combination of the two infer different conclusions about the 
students’ levels of knowledge? 
Through a variety of analyses, evidence could suggest differences on varying 
tests. In preliminary scoring, I saw that open essay question designed to elicit student 
understanding of a gradient model in the mitochondrial cell revealed answers different 
from multiple-choice responses. Continued work in examining testing differences 
provided ground for better teaching in the areas of scientific understanding. 
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1.3.1 Quantitative Analyses 
One way to explore test format differences was through a procedure called 
factor analysis. Factor analytic structures provided the number of primary abilities as 
defined by the configuration of test vectors. Thurstone’s (1941) factorial studies on 
tests of general intelligence isolated seven primary mental-abilities. The factor analysis 
model showed one way of distinguishing test formats. In effect, we hoped to see m-c, 
hybrid, and essay tests loading separately. We also provided qualitative evidence to 
give some rich understanding of measurement differences as they relate to certain 
hybrid test items where students are inconsistent in m-c and open-explanations of those 
responses. 
We studied stepwise regression models to determine how m-c, essay, and hybrid 
scores contributed to the prediction of dependent variables—MS AT, VS AT, and HS 
grade point averages. These models addressed how well scores on one or more differing 
measures predict status in student achievement measures distinct from the tests. 
Data on multiple forms of scientific thinking tests were collected and analyzed 
in the fall 2001 semester. We completed factor and regression analyses along with 
hybrid item crosstabs and qualitative analyses to examine differences in biology test 
on complex reasoning. 
1.4 Significance of the Study 
Little research had been done to describe response differences in various written 
forms of scientific thinking. I felt it important to study testing formats on observable 
scientific thinking skills to determine the effectiveness in understanding what student 
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know with respect to reasoning with complex biological models, designing controlled 
experiments, understanding graphical representation of scientific relations. University 
biology students had provided me a sample to begin. 
We knew there were many variables which contribute to a student’s 
performance on tests of scientific thinking. None-the-less, we had used written 
assessment to guide our understanding of how students respond to tests of scientific 
thinking. Because of the value placed on higher-order outcomes in the biology 
classroom, describing scientific thinking processes had been needed. Faculty had made 
high-order thinking assessment a priority in determining student levels of knowledge at 
the end of the course as well as throughout. The theoretical and practical understanding 
derived from the results of this study would be relevant to science educators in the 
future of high order scientific thinking assessments. Moreover, the concerted efforts in 
this area will provide needed justification for the advancement college science programs 
seeking to raise scientific thinking skills. 
Although contexts in college and grade school science classrooms vary, the 
results from this study could provide assessment links toward classrooms developing a 
scientific thinking curriculum. The methodology used in this study could be repeated 
for testing other hypothetical models of cognitive models relating assessment to 
thinking constructs. 
1.5 Delimitations of the Study 
Science learning could largely be understood as a complex of a relatively small 
number of underlying testing variables. Our study was a small study on a singular 
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introductory university Biology classroom with two extraordinary teachers dedicated to 
reform a very large lecture class. There are a variety of factors which influence how a 
student performs on any given test. Any findings to support that idea of test format 
differences were confounded with these unknown variables. For example, we might 
find error from the assumption that the students would perform despite outside 
influences of it being the last three weeks of classes—perhaps not as typical during the 
semester. We also made the assumption that the observable measures are in fact 
measuring the purported science thinking constructs described. 
Although every test situation and every individual is in some respect unique, 
some degree of understanding resulted from analyzing test format differences. 
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I. Skills 
A. Ability to observe and describe nature accurately 
B. Ability to construct logical arguments in biology 
i. Generate and state testable hypotheses 
ii. Develop and elaborate models 
C. Ability to critique logical arguments in biology 
i. Design experiments to test hypotheses 
ii. Recognize possible outcomes & assess the probability of 
occurrences 
iii. Collect, organize, and analyze relevant data 
iv. Draw conclusions and evaluate their relative quality 
D. Ability to communicate ideas and arguments effectively both 
orally and in writing 
E. Ability to work effectively in a team 
F. Ability to apply problem-solving to learning 
i. Develop strategies for identifying deficits in knowledge 
ii. Acquire information gathering and study skills 
iii. Self-assess progress in learning 
G. Ability to apply quantitative reasoning to biological questions 
i. Construct and interpret graphs and plots 
ii. Analyze data using statistical methods 
Figure 1.1 University Biology Department Goals 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
Any call for significant science education change poses new challenges. This is 
especially true in light of the increased emphasis on higher order thinking skills in 
university biology classrooms. In my research, I studied the development of feasible 
techniques for the evaluation of complex -thinking skills such as reasoning with a 
biological model and experimental design. To do this involved an integration of 
cognitive and evaluative skills that we often associate with formative assessment. If we 
were to succeed in developing and validating measures of scientific thinking, we had to 
proceed on the basis of explicitly-stated models of how information is retrieved and how 
new information modifies and is modified by existing cognitive structure. 
Research in science education suggests that learning and evaluation is intricately 
bound by a cycle of prior understanding, new concepts, production components and 
evaluation. Within this framework new questions about ways to assess complex¬ 
thinking within large lecture constraints emerge. A study examining how well open- 
ended essay and multiple-choice tests captured student understanding in complex 
thinking was needed. Such efforts were instrumental in promoting thinking skills and 
examining ways in which student process learning in the biology class. 
My work examined summative assessments on student understanding in the 
scientific thinking in measures that are appropriate and useful. For this chapter, I 
reviewed literature in science cognition as well as educational measurement to inform 
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the present study on the use of multiple-choice testing as a means to show evidence of 
student gains in the large college science classrooms engaging in scientific inquiry. 
2.2 Active Construction of Meaning or Constructivism 
Current cognitive science research supports the idea that learning requires the 
active construction of meaning by individuals working within a social context (Brown, 
Collins, & Duguid, 1989). In this way, the actual “doing of science” is not sufficient 
when the hands-on instructional practice is divorced from any reasoning and discussion 
around the activity. Kuhn (1993) suggested that science instruction might be thought of 
as the interplay of science as exploration and as argument. Therefore, good teaching 
guides student construction through careful selection of learning experiences, questions, 
and tasks and does so in the service of established institutional, cognitive, and 
epistemological goals. 
Constructivist teaching or teaching where students construct their understanding 
does not necessarily imply a laissez-faire approach to teaching where students might be 
given a hands-on project without instruction. Good teaching instead guides students to 
construct appropriate understanding (Cobb, 1994; Driver et al., 1994). For example, a 
student might be asked to describe what human processes take place when you run a 
mile. Rather than fill notebooks with pre-set pictures and scientific language, a teacher 
would instead promote student construction through encouraging a cycle of thought and 
evaluation. A more thorough teaching design might include extensions of the students’ 
understanding by manipulating variables in the respiratory model. This could include a 
question about what would happen if you ran a mile without eating. 
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2.2.1 Student Scientific Reasoning and the Scientific Process 
Science has particular ways of considering evidence, and of generating, testing, 
and evaluating theories. If instruction allows students to voice their understanding and 
teachers to recognize and act on this understanding in order to effect change in students’ 
scientific conceptions, then a continuous interplay of assessment and instruction can 
serve as a basis for guiding instruction. In teaching for understanding, for example, the 
assessment of students’ initial understanding suggested the instructional approaches that 
might be most effective. 
When the development and assessment of scientific thinking are laid out, an 
essential component—the valued scientific process—is engaged. Considering evidence, 
generating, testing, and evaluating theories are scientific process skills. Establishing 
process goals and meeting those goals require information about students’ progress on 
the identified dimensions. Clearly the actions and decisions of the teacher are 
paramount to the success of this objective. 
2.2.2 Inquiry in the University Biology Classroom 
Students understood complex biological models through a process of asking 
questions and deriving answers through a self-generated process. Student ideas were 
explicitly addressed before and throughout the instructional process. In addition, based 
on the students’ prior knowledge, the teacher presented multiple cycles of small 
cognitive conflicts to the students that took them through intermediate mental stages. 
The students then compared their intermediate and initial mental models with the 
teacher’s help. In model-based teaching and learning the teacher had a very active role. 
18 
Instead of being only a facilitator or a provider of an adequate learning environment, the 
teacher acted as a diagnostician of the students’ conceptions to introduce the appropriate 
cognitive conflict at the optimal moment. As a result, the students participated in every 
step in developing the scientific models under the teacher’s guidance. 
In model-based teaching and learning, the student’s models are compared with 
scientific ideas to promote further corrections. Finally, instruction grounded in model- 
based teaching and learning, coordinates more closely several kinds of teaching 
strategies such as drawings, small and large group discussions, practical activities, use 
of computer animations, and analogies (Nunez, 2002). 
2.2.2.1 Students in Unfamiliar Territory 
An ideal of our educational system is to teach students so that they can apply 
what they have learned to situations outside the classroom. For university biology 
students, it was expected that they would learn to reason scientifically with models as 
presented but also altered to accommodate dynamic life processes. For example, when 
students were introduced to metabolic processes, it was expected that they would able to 
understand the model well enough so that any outcome given a manipulation in the 
model process could be described on assessments. This was a difficult task. One that is 
not easily accomplished through direct “here’s the answer” approach. One explanation 
for the lack of ability to apply knowledge outside the context in which it was taught, 
stated knowledge transfer is the student’s ability to develop concepts within their 
framework or proximal development (Vigotsky, 1978). 
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Experts and students exist in different cultures and practices. This body of 
literature from the sociolinguistic tradition (Brown et al., 1989; Lave, 1988) posits that 
learning is enculturation into a community of practice and that differences in students’ 
interpretations of school tasks reflect qualitative differences in the communities in 
which they participate. According to this view, a classroom culture is constrained by 
the tools, language, and guidance of the adult expert within that environment. They 
believe that the cultural differences between the research and classroom community, 
between one school classroom and the next, and between the classroom and the “outside 
world”, inevitably make transfer from one context to another difficult. Some critics 
have used the lack of empirical evidence for transfer of generalizable skills and 
strategies from one “culture” to the next, to build their case of the importance of 
contextual tools in learning. When the instructional context is appropriate researchers 
have reported scenarios where students are logically consistent (Samarapungaven, 
1992) 
22.22 Experts in Unfamiliar Territory 
Scientific thinking relies heavily on problem solving in unfamiliar territory. 
This requires the ability to integrate new with old information. The term transfer 
applies in this paper to a thinking process of mapping skills to situations outside the 
context in which they were taught. Studying experts who are in an area that they are 
unfamiliar with may offer some insights that could be useful to the teacher who is 
introducing students to biological processes. Clement (1989) interviewed advanced 
doctoral candidates and professors in technical fields to assess their approaches to 
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unfamiliar problems. The interviewer asked these subjects to think aloud as they solved 
problems outside of their domain specialty. One question was, “You are given the task 
of rolling a heavy wheel up a hill. Does it take more, less, or the same amount of force 
to roll the wheel when you push at X, rather than Y?” The interviewer specifically 
asked subjects to give a scientific explanation for this situation without gathering new 
data. 
After analyzing the think aloud observations, Clement described the problem 
solving process of the subjects as, “hypothesis generation, evaluation, and modification 
(GEM cycle) leading to the formation and improvement of a mental model.” 
2.2.2.3 Transfer Practice as a Means to Improve Scientific Reasoning 
A further advantage of successive iterations of this cycle is the potential to 
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improve transfer to other domains of science. Although transfer has been notoriously 
difficult to attain, studies of chess experts have described how practice has helped them 
amass familiar patterns of chess moves that improves their efficiency with problem 
solving (Chase & Simon, 1973). Thus, it is conceivable that with teacher guidance and 
student practice, the GEM cycle could transfer to other domains where complex 
problem solving is also necessary. Furthermore, there is some evidence that instruction 
that encourages, practice (Perkins & Salomon, 1987) and reflection (White & 
Fredericksen, 1998) can facilitate students’ ability to think scientifically. 
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2.2.2.4 Biology Teaching Example Using Appropriate Context and Proximal 
Development 
Traditional methods of teaching relied primarily on providing factual 
information on some subject matter. This teaching approach had met with limited 
success particularly where test items focus on scientific thinking rather than factual 
recall. Investigating the measurement of cognitive structure, Traub & Hambleton 
(1974) expected to find differences in scores or patterns between high and low 
achievers. Instead, the study concluded that instruction seems to affect cognitive 
structure in relatively meager and in some cases ambiguous amounts. We are now 
given a new paradigm of teaching less memorization and testing towards higher 
thinking skills, explicit models on what teaching methods using appropriate context and 
familiar domains in which students can better understand and retain concepts. Inquiry 
driven classrooms are one such approach in the biology teaching. 
A more inquiry approach relied on student generation of questions and process 
to find answers. In one such lesson, the biology professors engaged the students to 
become seekers of information through what is described in the literature as a means- 
end approach to problem solving. That is, the students were given the result of a 
problem and were asked to figure out the steps that lead toward it. Given the current 
topic of Anthrax threat in the US, students were given the opportunity to express what 
they understood about the life-threatening virus that was found in the US mail service. 
In this way, students had the opportunity to voice their understanding on the basis of 
television, newspapers, web searches, and quite often what they’ve heard from informal 
discussions. This was an example of the kind of teaching the professors ultimately 
sought in their efforts to develop scientific reasoning skill. What follows is a transcript 
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of one Biology class discussion consisting of a small subset of the large class 
population. These students volunteered to take part in small class discussions outside of 
the lecture and received an additional course credit and an opportunity to learn more. 
Note that Teacher 1 is the class facilitator and Teacher 2 is a microbiologist who was 
present as an expert on Anthrax. 
2.2.2.5 Question: If Anthrax Spores Originate from the Soil. How do They Get There? 
Student 1: The spores get there from decaying cows and excrement. They like to live 
in the soil symbiotic). Anthrax has this kind of relationship—it uses the 
nitrogen to sustain itself. 
Teacher 1: Nitrogen link? Dead cow connection? Does the poison part make any 
sense? 
Student 1: If it’s like everywhere where it can infect us, then you would probably get 
more cases of it 
Teacher 1: And we would get better at fighting it? ... I’m trying to figure out why it 
gives out toxin? 
Student 1: It gets inside us... its toxins are a way to protect/fight back 
Student 2: The toxins are a side effect (not meaning to kill us). 
Student 3: It makes you cough so that it spreads. 
Student 4: Our system tries to fight the bacteria so that the anthrax fights back to 
continue. If you kill the cow, it has a lot to grow on. I don’t think it can live on 
a cow. Does it have to be dead? 
Teacher 2: They can grow in soil. It’s spores that live on... that’s how it gets spread 
primarily. 
Student 1: The spores live on when it contacts oxygen... (laugh) I’m not sure. 
Teacher 1: How do you study it without getting sick? 
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Student 1: From the US public health service. The book is old... There were 40 cases 
where you can study and get sick. They publish guidelines. It is not 
recommended to get vaccinated. If it is present in the air, use bio safety levels 2 
and 3. ... pest control. 
Teacher 1: Careful so that bugs don’t get exposed. ... So no “moon suit” 
Student 2: What if you get it in your hair, shower and get the bacteria in the water 
supply? 
Student 3: They put in liquid form and secure in bins. 
Teacher 1: How do you kill anthrax? How do you clean it up if it spills? 
Student 5: Cipro spray 
Teacher 2: Will that work? 
Student 6: Kills the cells but not the spores 
Student 1: Kill with radiation 
Student 3: Put it in the microwave 
Teacher 2: Make popcorn? 
Teacher 1: And the ironing? The radio shows are giving reasons which are not the best 
things. Why not microwave? 
Student 4: Not clear that it’s enough energy. 
Student 7: You cook food in the microwave. 
Teacher 1: I like best when the expert says the microwave has a fan which blows the 
spores all over. Microwave seems like a less good way... How can you study 
the toxin genes? This isn’t a real bad logic puzzle 
Student 3: Clone the genes. Don’t you need the whole gene to get sick. 
Student 1: You can pick up random genes. 
Teacher 1: Why can you spread through other bacterias than anthrax? 
Student 3: Other bacteria could figure out ways to spread besides the anthrax ways. 
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The interchange between students and teachers clearly demonstrates a negotiation 
of science information such that students build understanding. Making sense of new 
and old concepts is an ongoing process, which takes isolated bits of information and ties 
it to existing thought. Scientific concepts can then be conceived as a unit in an 
interrelated web and attached to the world through application. 
2.2.3 Assessment as a Means of Promoting Scientific Inquiry 
Assessment guides us as to the appropriateness of scientific ideas. Whether we 
are experts or introductory students, we expand our network of concepts through 
iterations of new ideas and evaluations. In order to assess the ways in which students 
think and reason we observe student’s understanding or cognition and framework of 
cycles. Generally, student learning contains the elements of generation, evaluation, and 
modification (GEM). Put another way, student process information by continually 
producing ideas in a variety of in or out of class context and assessing a fit in 
accordance to prior ideas. As an example, a student introduced to mechanisms of cell 
death in class will invariably associate prior conceptions of how cancer is manifested in 
the body. The process of linking cellular models to disease is complex and often such 
problems are instrumental in promoting student scientific reasoning through several 
GEM cycles. 
2.2.3.1 Discordance 
Despite the best-intentioned instruction, students can and will fall back on prior 
ideas that conflict with present day scientific laws. Lawson applied Piaget’s 
equilibration theory to instruction. When we produce conflict inside of the students’ 
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minds, teachers are able to alter prior conceptions in some targeted goal. In addition, to 
help the students to restore equilibrium and experience conceptual change, the teacher 
can present practical experiences and the correct way to think through each problem. 
Trowbridge and Bybee (1990) developed the 5-Es learning cycles which are supported 
by the same theoretical framework as the learning cycles, especially the equilibration 
theory. 
The cognitive processes seem to work by using a recursive mechanism in which 
the individual, after coming up with an idea (hypothesis or mental model), tries to find 
another hypothesis, model, or data to contradict the initial one. If the individual finds an 
alternative that contradicts his/her initial statement, that idea is then discarded and the 
process begins again (Lawson, 1992; Johnson-Laird, 1983). Both instructional models 
make use of the cognitive conflict concept to promote conceptual change. 
2.23.2 Mapping Biology Models to Solve Real-World Problems 
Learning biology could be described as a process of constructing understanding 
through biology applications. As in situated cognition, knowledge might be viewed as a 
product of the activity and situations in which they are produced and used. Examples in 
biology are genetic disorders, cellular malformations or stem cell re-generation. The 
importance of assessing knowledge as it applies to the care of a sick individual involves 
students’ participation in activity or “doing” such as representing, inventing, 
generalizing, explaining, validating, and conjecturing. Ecologically valid instructional 
and assessment tasks entail being representative of the ways in which knowledge and 
skills are used in “real world” contexts. (Brown, Collins, and Duguid, 1989) 
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Problem solving can be used to engage in analogical mapping. Collins & 
Gentner (1987) proposed the “analogy hypothesis” to explain that people, when 
reasoning about unfamiliar domains where students might be asked to manipulate a 
health model to one consumed by disease. They may in fact use analogical mapping to 
create new mental models that they can then run to generate predictions about what 
should happen in various situations in the real world. The known domain is called the 
“base” and the unknown domain is called the “target.” The unknown domain can be 
associated with the novel biological scenario in which the students are asked to apply 
some base model with a target application. When the target situation is complex, more 
than one analogy may be needed. In this case researchers have found that “people 
partition the target system into a set of components models, each mapped analogically 
from a different base system”. 
Results on past National Medical Board Examinations suggest that the use of 
weak analogies in the understanding of complex biological process can result in an 
oversimplification of blood-pumping processes (Feltovich et al., 1989). Ongoing 
assessment of student thinking during the instruction as well as summative forms like 
the national boards can and do reveal errors. These errors are identified through the 
careful test construction. Specifically test distractors, which utilize oversimplified 
conceptions are able to reveal student errors particularly evidenced in analogy use. The 
question of model “over simplification” raises important issues in area of biology 
assessment. 
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2.2.3.3 Feasible Formative and Summative Assessment in Student Populations 
Observing and questioning students while they solve thinking questions can 
yield valuable information. It can be done formally through structured individual 
interviews or informally through observations while the student is working. Direct 
observation and careful questioning of students as they solve problems require 
interpretations of the situation and consume time. They are useful for evaluating 
performance and attitudes particularly in group or pair situations. In the case of a 
structured interview, the observation and questioning involves one student. An 
interview is made systematic and more reliable by pre-selecting probing questions or 
using computer software to present the questions. However, it might not be feasible to 
interview 600 students. Therefore, multiple forms of written assessment are more often 
used to understand what students know with respect to scientific thinking. 
The “multiple hypothesis” and “mental model” theories have been applied to 
instruction. In both theories, the students test their mental models or hypotheses by 
introducing cognitive conflict. The ability to test these mental models rests on a self- 
regulatory process encouraged by the instructors. 
In the biology teaching, less effective were the means by which students monitor 
each other’s thinking. Perhaps relying too heavily on teacher confirmation, students 
were unable to monitor their understanding. However, more effective were the 
electronic means of summative assessment in the large lecture setting. Teachers gave 
weekly, Friday quizzes, and a computer-aided class assessment called Classtalk. 
Classtalk assessments were done to facilitate small group-pair discussions on taught 
material. While these assessments were in m-c format, students were able to choose 
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answers on the basis of discussion. Unlike the biology teaching approach, the mental 
model approaches rely more heavily of student centered regulations. Teacher direction, 
when given at prescribed points following the initiation of Classtalk cycles, was less 
effective than student generated questions in which the teacher held back explicit 
answers. 
In this way, m-c provided the formative means to bridge student and accepted 
conceptions within the large lecture setting. On the other hand, we found it feasible to 
give one or two essay questions on weekly Friday quizzes. Students provided answers 
that could be categorized in numbers greater than five. This highlighted the effect of m- 
c constraints on the number of distractors. In addition, while many students relied on 
prior conceptions that we might have expected, we saw instances of unusual responses. 
The more able students used complex thinking and argumentation to respond on these 
essay questions. Another indirect benefit of constructed response had nothing to do 
with their measurement characteristics. If students knew they were required to 
demonstrate competence in problem solving, graphing, verbal expression, essay 
organization, and writing, these skills might be more likely to be emphasized in the 
classroom (Pollack, Rock, & Jenkins, 1992). 
2.2.4 Social Aspects of Learning — Classtalk 
An important component suggested by the learning cycle described was the 
explanation phase. In this area, students were asked to describe their current 
understanding to encourage further discussions in part due to a potential flaw or new 
idea bearing seed for further cycles. Biology teaching staff encouraged scientific 
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discourse through various means including a computer aided student assessment/ 
evaluation called Classtalk. Students using Classtalk worked together collaboratively in 
groups of 3 to 5 members. Within each group, a student held the hand held calculator 
and inputed the multiple-choice selection as agreed by the group. 
Once recorded, all the Biology students had the opportunity to see the results 
displayed overhead in the large lecture hall setting of 200 students. The general 
response to this type of engaging teaching technique was positive. Students responded 
by saying they enjoyed Classtalk and the program prompted many to speak up to ask 
questions and clarify points made when they would ordinarily refrain from making 
comments. To further describe this class phenomenon, students completed a mid-term 
evaluation, which was collected six weeks into the Fall 2000 semester. 
The two mid-semester evaluation questions were as follows: (1) Please 
describe two aspects of the course that you feel are contributing to your learning and (2) 
Please describe two aspects of the course that you would change to help you learn 
better. The open-ended responses were coded as either positive or negative in relation 
to the use of Classtalk. The results fcan be found at the end of the chapter in Table 2.1. 
The third mid-semester evaluation question asked students to estimate how often 
they spoke in class. The results can be found at the end of the chapter in Table 2.3. 
The positive outcomes as a result of using Classtalk highlighted the potential to 
engage students in these large lecture courses. Moreover, the teachers were able to 
distribute the more time-consuming complex-thinking problems between Friday short 
quizzers and lengthier chapter tests thus easing the anxiety associated with the larger 
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tests. Classtalk provided the means to engage and subsequently evaluate students in 
higher levels of reasoning associated with scientific thinking. 
2.3 Cognitive Measurement 
2.3.1 Essay Tests 
Multiple-choice items are suitable for measuring static knowledge (Tatsuoka, 
1991), but they have been challenged as being inadequate to fully assess dimensions of 
cognitive performance. The primary motivation for the use of constructed response 
formats stems from the idea that they can measure traits that cannot be tapped by 
multiple-choice items. For example, assessing dynamic cognitive processes (Bennett, 
Ward, Rock, & Lahart, 1990; Fredericksen & Collins, 1989; Guthrie, 1984; Nickerson, 
1989), identifying students’ misconceptions in diagnostic testing (Birenbaum & 
Tatsuoka, 1987), and communicating to teachers and students the importance of 
practicing these real-world tasks (Sebrechts, Bennett, & Rock, 1991). Constructed 
response questions are thought to replicate more faithfully the tasks examinees face in 
academic and work settings. Given this premise, we need to better understand the 
research in knowledge structure assessments. 
Constructed response items or essay are likely to measure processes different 
from those tapped by multiple-choice tests (Ackerman & Smith, 1988; Ward, 
Frederiksen, & Carlson, 1980). Because constructed responses may more closely 
represent real-world tasks, they should more readily engage many of the higher-order 
cognitive processes required in academic and work settings. As a result, important 
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constructs that are presumably not measured by multiple-choice tests are more likely to 
be assessed. Such increases in construct validity may, in turn, lead to enhanced 
predictive value, especially when constructed responses are combined with multiple- 
choice items (Breland, Camp, Jones, Morris, & Rock, 1987). 
2.3.2 Multiple-Choice Tests 
Traditional multiple-choice tests, which require selection from a small set of 
alternatives, do not provide adequate assessment alone for improving instruction. In 
fact, serious concerns about test validity have much to do with how adequately m-c 
assesses student thinking. As it relates to scientific thinking evaluations, constructs like 
hypothesis generation and experimental design are perhaps best assessed through open 
response format. We felt generating a solution presumably measures thinking 
constructs more thoroughly than a choosing among distractors. We wanted students to 
solve problems situated in the context of how the skill might be applied. We agreed 
that having students respond to questions which were limited to factual recall was 
inadequate since better assessments using essay or multiple-choice should address 
multiple tasks within domains that specifically address thinking processes. 
2.3.3 Knowledge Structure Assessments 
Research in cognition has developed procedures for measuring and evaluating 
the effects of teaching students. In order to assess the ways in which students think and 
reason we can relate activities to various ways of describing a person’s understanding or 
cognition. A fundamental objective of instruction is the development of students’ 
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connections among concepts and the structuring of their knowledge (Glaser, 1989). 
Most educators create learning experiences in which students can leave with a repertoire 
of skill that can extent beyond the exact conditions of initial learning. In this way, 
students should be able to demonstrate skill in applying what they’ve been taught from 
year to year within a variety of contexts and novel situations. 
When student thought processes are measured, teachers can facilitate them 
through the questions they ask, the directions they give, the contexts they provide, the 
examples they cite or ask the students to generate, and the strategies they model. Some 
of these procedures involve measuring verbal and image learning and metacognition. 
Others involve procedures for quantifying the organization and cognitive structure of 
the knowledge students have acquired, along with the relations between that knowledge 
and the everyday contexts to which it applies. 
Examples of the first type of procedure include students thinking aloud with or 
without probing. For thinking aloud, a problem solver works on a given problem while 
a listener asks probing question verbally and through visual prompts in an effort to 
verbally reveal the thought process. Cues include: (1) What do you think the problem 
is? (2) Why would you do this? (3) What does it tell you? etc... These procedures 
provide diagnostically useful information about how students learn, how they organize 
information, how they relate it to other knowledge, including their preconceptions, and 
how they apply it to everyday contexts. These kinds of information provide data, 
different from conventional achievement tests, that relate directly to furthering our 
understanding of how students go about their learning and of how teachers might 
facilitate those processes to increase comprehension and transfer (Wittrock, 1987). 
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Activities may include problem solving, modeling, and argumentation. Students who 
are good problem solvers are able to abstract from a given situation the relevant bits of 
information and their relationships. 
Modeling involves knowing how to develop a model by representing the 
relationships in a problem graphically and symbolically. Students should also be able to 
describe why a particular model is appropriate or perhaps inappropriate; therefore, 
assessment tasks would have students identify how procedures are interrelated. For 
example, students can be asked to reason with metabolic models and applications by 
giving new contexts and providing explanations about what happens when the models 
are altered. 
Argumentation, the ability to evaluate the truth of propositions and develop 
plausible arguments for assertions, would also be included in assessment. The ability to 
articulate relationships between biology concepts and procedures is addressed through 
argumentation. We would ask students to verify conclusions, judge the validity of 
arguments by considering counter examples, explain similarities and differences among 
competing arguments, and articulate the relationships among concepts and procedures 
(Putnam, Lampert, and Peterson, 1990) 
2.3.3.1 Understanding 
There are interrelated ways of describing a person’s understanding which are 
called cognition domains. Understanding as representation, understanding as 
knowledge structures, understanding as connections among types of knowledge, 
understanding as entailing active construction of knowledge, and understanding as 
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situated cognition complete a thorough picture of what it means to truly understand 
something. 
Understanding as representation means having internalized ideas, symbols, and 
systems and being able to move within and between them in ways that allow for 
successful problem solving activity. Understanding may be viewed as connections 
between different types of knowledge such as between conceptual and procedural 
knowledge and between formal, symbolic knowledge and informal knowledge. From 
this viewpoint, knowing means understanding the concepts underlying the procedures 
and being fluent at integrating formal knowledge with informal knowledge developed 
outside of the class environment. 
Integration of this kind was investigated in research on the inconsistencies of 
Probabilistic Reasoning (Konold, Pollatsek, Well, and Hendrickson, 1990). The authors 
assert a position that given different situations or problems, people access different 
types of knowledge. For example, subjects at the University of Massachusetts were 
asked several questions concerning coin flipping. What resulted were contradictory 
answers to closely related questions like “a fair coin is flipped 4 times, each time 
landing heads up. “What is the most likely outcome if the coin is flipped a fifth time?” 
and “Which of the following sequences is most likely to result from flipping a fair coin 
5 times? HHHTT, THHTH, THTTT, HTHTH, or all equally likely” It appears that 
some people reason inconsistently given the two related problems. Often knowing that 
the probability of H/T on a fair coin is .5, subjects answered differently (T on the fifth 
toss; all equally likely) depending on how the problem was phrased. Tasks should 
focus on assessing an ability to create interrelationships across types of knowledge. To 
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go along with this, students provide answers on the basis of multiple sources of 
knowledge. Prior knowledge plays an integral part in what was revealed in their test 
responses. 
2.3.3.2 Comparing Expert Knowledge with Beginning Student Knowledge 
A beginning student’s knowledge base consists of isolated bits of information 
reflecting a shallow understanding of concepts and their interrelationships. 
Understanding may be conceptualized as an appropriately integrated and organized 
knowledge structure. Understanding also means having access to the knowledge and 
cognitive processes needed to perform various tasks. Problem solving is intimately 
related knowledge structures because coherent and organized knowledge structures 
underlie successful problem solving. Valuable assessments of students’ thinking 
include examining the understandings and models that students construct themselves 
during the learning process. Levels of achievement could be viewed as levels of 
understanding of concepts and their interrelationships that underlie a subject matter 
domain. Characteristics of knowledge structures that can be examined include the 
number and types of concepts depicted, the number and types of relationships among 
concepts (including conditional and hierarchical), and the degree of organization. 
For assessment purposes, congruence between a student’s knowledge structure 
and various knowledge structures of experts may be examined. In order to study the 
differences between experts and novices, we can look at the early empirical research 
into knowledge-rich tasks. Knowledge rich task domains have been studied in physics, 
thermodynamics, medical diagnosis, public-policy formation, and computer 
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programming (Putnam, Lampert, and Peterson, 1990). Varying the level of expertise 
while holding the task domain constant helped investigators separate the effects of 
expertise from the influence of the task domain. The typical study gave the same set of 
problems to experts and novices and used protocol analysis to examine differences in 
the performance of the two groups. Of course the novices found the problems quite 
hard and the experts found them quite easy. If one assumes that the experts had 
encountered the same or similar problems many times in the past, one would expect 
them to simply recognize the problem as an instance of a familiar problem type, retrieve 
the solution from memory, and generate the problem’s solution directly. Novices on the 
other hand might have no such knowledge, so they would have to blunder about, 
searching for a solution. To put it briefly, the hypothesis is that expertise allows one to 
substitute recognition for search. 
2.3.3.3 Expert Behavior 
Studies of expertise have investigated the nature of knowledge and cognitive 
processes that underlie developing competence in various domains of learning. These 
studies have shown that critical aspects of expert performance include: The organization 
of knowledge for quick retrieval from memory; the imposition of meaningful patterns in 
problem solving; the proceduralization of knowledge for problem solution; and the 
utilization of self-monitoring skills to secure effective performance. These findings on 
the character of expertise can serve as a basis for the integration of cognitive theory 
with psychometric techniques in the design of achievement tests that assess growing 
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proficiency of subject-matter learning. Expertise is correlated with the quality of the 
solution given by the subject. 
As much as general strategy can be characterized, it appears that experts and 
novices tend to use the same general strategy for a given problem, but prenovices 
. sometimes use quite different strategies. For instance, Jeffries, Turner, Poison, and 
Atwood (1981) contrasted the protocols of expert, novice, and prenovice software 
engineers as they solved a complex design problem. Both experts and novices used a 
top-down, breadth-first, progressive-refinement design strategy. They decomposed the 
overall system into a few big modules, refined each module into submodules, then 
refined each submodules in subsubmodules, and so on until the design was detailed 
enough that they could begin writing program code. The prenovice, however, began 
writing code almost immediately, with no sign of a top-down design strategy. 
Similarly in the solution of physics problems, no strategic differences were 
found between experts and novices (Chi, Glaser, and Rees 1982), but prenovices were 
found to use a different strategy than either novices (Sweller, Mawer, & Ward 1983) or 
experts (Simon & Simon 1978). “In short at a general level of description, the 
strategies of experts and novices are the same, whereas prenovices may have a quite 
different strategy.” With respect to the diagramming of statistical understanding, this 
assertion seems plausible. If we suppose that the teacher is the expert and the students 
are the novices, it seems reasonable to accept the notion that they have similar 
strategies. We might expect that students would mimic teacher/expert representations 
and problem solving strategies in an attempt to understand the material whereas 
prenovices—very unfamiliar with the subject—would have quite different strategies. 
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However, it seems additionally plausible that experts would have differing strategies 
and solutions. 
2.3.3.4 Glaser’s Generalization on the Nature of Human Expertise and Development 
In Robert Glaser’s chapter on Expertise and Assessment in Testing and 
Cognition, he summarizes the accrued findings on the nature of human expertise and 
development. Here are the following generalizations: 
1. The precision of expert performance results from specialized schemata 
that drive performance. Expertise in one domain is no guarantee of 
expertise in others. Specificity of performance is evidenced by the fact 
that expert proficiency can be disrupted by the presentation of random 
(or meaningless) patterns or poorly structured problems. Under such 
conditions, experts lose their rapid perceptual and representational ability 
and resort to general problem-solving strategies. 
2. Experts develop the ability to perceive large meaningful patterns. 
Pattern recognition occurs so rapidly that it appears to take on the 
character of “intuitions.” In contrast, the patterns novices recognize are 
smaller, less articulated, more literal and surface oriented, and much less 
related to inferences and abstracted principles. The extraordinary 
representational ability of experts appears to depend on the organization 
of knowledge existing in memory. 
3. The fast-access pattern recognition and representational capability of 
experts facilitate problem perception in a way that reduces the role of 
memory search and general processing. By contrast, novices display a 
good deal of search and processing of general nature. Although it can be 
assumed that experts and novices have similar capacities for cognitive 
processing, the outstanding performance of experts derives primarily 
from how their knowledge is structured for retrieval, pattern recognition, 
and inference. 
4. The knowledge of experts is highly procedural and goal oriented. 
Concepts are bound to procedures for their application and to conditions 
under which these procedures are useful. The functional knowledge of 
experts is related strongly to their knowledge of the goal structure of a 
problem. Experts and novices may be equally competent at recalling 
small specific items of domain-related information. But high-knowledge 
individuals are much better at relating these items in cause-and-effect 
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sequences that enable the pursuit of goals and sub-goals of problem 
solution. 
5. The experience of experts enables them to develop skilled self-regulatory 
processes. These cognitive skills are manifested by proficiency in 
techniques of solution monitoring, by the allocation of attention, and by 
sensitivity to informational feedback. Self-regulatory processes are 
sometimes evidence by the fact that experts may be slower than novices 
in initially encoding a difficult problem, but are faster problem solvers 
overall. 
2.3.3.5 Metacognitive or Managerial Skills of Experts 
Experts seem better at monitoring the progress of their problem solving and 
allocating their effort appropriately. Schoenfeld (1981) analyzed protocols of experts 
and novices who were solving unusual mathematical problems. Both experts and 
novices had to search; the problems were not routine even for the experts. However, 
the experts’ search was more closely monitored. Approximately once a minute the 
experts would make some comment that either evaluated their current direction (for 
example, “Isn’t that what I want?”), assessed the likelihood of a contemplated approach 
(for example, “knock this off with a sledgehammer” meaning that the approach is too 
high powered and unlikely to work), or assessed the difficulty of a subproblem before 
attempting it (for example, “This is going to be interesting...”). 
In contrast the novices would generally adopt a single approach with little 
assessment of the likelihood of success, then follow it for ten or twenty minutes, 
without considering abandoning it. If required to perform quickly, an expert can 
generally perform faster than a novice. For instance, a master chess player can play 
lightning chess, but a novice cannot (de Groot 1965). Schoenfeld concludes that 
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metacognitive or managerial skills are of paramount importance in human problem 
solving. 
The hypothesis that experts have more schemas than do novices is consistent 
with their superior self-monitoring ability. Suppose that subjects estimate the difficulty 
of sub-problem by first finding the best-fitting schema, then combining its known 
difficulty with an estimate of the quality of the fit. The estimated quality of fit is 
needed because a poorly fitting schema means some extra work may be required to 
derive the information the schema needs from the problem. If this is how subjects 
estimate difficulty, then experts should be better at it because their schemas are more 
plentiful and more specialized so the fits are better. 
2.3.3.6 Classifying Problems 
Chi, Feltovitch, and Glaser (1981) pioneered the use of card-sorting technique 
for assessing differences in how experts and novices classify problems. In the study 
each card holds the text and diagram for a single elementary physics problem. The 
subject is asked to sort 24 cards into piles, placing problems that “seem to go together” 
into the same pile. Subjects could sort at their own rate. The novices tended to sort 
problems on the basis of literal, surface features, such as the types of objects involved 
(that is, inclined planes, pulleys, and so on). On the other hand the experts tended to 
sort problems on the basis of the physics principles used to solve the problem (for 
example, Newton’s second law, or work-energy). Moreover the names for the piles 
given by the experts and novices reflected these observational characterizations. 
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It is possible that the classification difference is because of some between- 
subjects factor. For instance, a natural aptitude for mathematics or physics might cause 
both the classification difference and the career choice of the subject. Schoenfeld and 
Herrmann (1982) and Silver (1979) showed that this could not be the case. They tested 
mathematics students before and after courses in mathematical problem solving. The 
training causes students’ classification to become more expert-like. These results led 
Chi and the other authors to hypothesize that experts have problem schemas that 
novices lack. In short, it seems that experts but not novices are able to classify 
problems according to problem schemas, and that these same schemas are used to solve 
problems. 
2.3.3.7 Examples of Knowledge Structure Assessments 
Some experimental techniques have been used to try to differentiate the 
associative structures of experts and novices. For instance Schvanevelt and colleagues 
(1985) asked expert and novice fighter pilots to rate the similarities of pairs of technical 
terms from combat flying (for example, “high yo yo,” “switchology”). They used two 
multidimensional scaling algorithms to uncover how the underlying association 
structures of experts differed from those of novices. McKeithen, Reitman, Rueter, and 
Hirtle (1981) and Adelson (1981) used item order in free recall; Pennington (1985) used 
priming; and Chi, Feltovitch, and Glaser (1981) used elaboration technique to contrast 
the knowledge structures of experts and novices. 
Computer-based menu systems offer the opportunity for extending the multiple- 
choice technology. Traditional multiple-choice tests require selection from a small set 
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of alternatives. What the computer offers is the possibility of complex follow-up to 
individual items without placing any new test-taking skills demands on the subject. In a 
sense, all of computerized adaptive testing involves contingent sequencing of multiple- 
choice items. However, in this type of adaptive testing, the sequencing is not based on 
the content of the items, but rather on their classification into pools of different 
difficulty levels and different sub-scales. 
Some methods exist which come closer to being “direct read-outs” of 
knowledge and thus are more useful in building a representation of a person’s 
capabilities. Jeff Bonar (Learning Research Development Center) has developed an 
approach to computer-based programming instruction based upon a hierarchical menu 
scheme. The subject is asked a broad question that can be answered by choosing one of 
several alternatives. The choice of alternative determines the nature of the follow-up 
question. The whole process can be repeated several times to allow specification of 
multi-step solutions to a problem. The methodology rests upon a combination of full 
analysis of the task to be performed by the subject and a set of protocols of people 
trying to do the task. 
It should be noted that the assessment framework provided requires the 
utilization of a wide range of assessment techniques; many more techniques, in fact, 
than are used for assessment in a typical introductory biology course. Among the 
assessment techniques needed to adequately utilize the framework are the following 
question types: essays, short answer, yes-no with student-supplied justifications, 
concept-oriented multiple-choice items, masterlist, analogical reasoning, graphic 
43 
inference, concept mapping, and computer guided. Longer term individual and group 
projects may be required also. 
2.3.3.8 Transfer 
A measure of students’ understanding should involve tasks that best replicate the 
thought processes involved in scientific problem solving. Given the myriad of skill 
needed to scientific thinking questions, it was valuable to understand the dimensions 
and relationships attached to these levels of cognition. For example, some students had 
easy facility with factual recall, yet demonstrated poor understanding of related 
information embedded in a novel application. This example of transfer refers to degree 
to which behaviors were repeated in a new situation (Detterman & Sternberg, 1993, 
p.4). We might say that there exist hierarchical levels of knowledge transfer. On one 
hand, a student could be asked to define a Biological model on energy transport (low 
transfer) while another question posed a problem to state the consequence of altering 
that same model (high transfer). Though similar in content, the two questions tapped 
uniquely different thinking skills. Given levels of transfer skill in scientific thinking, 
we began to place the relevance of the present research. Moreover, a hypothesized 
variable relationship between scientific thinking processes would contribute to our 
understanding in this area. 
Scientific thinking—specifically Biology thinking assessment—needed to 
contain elements of factual knowledge, application, design, and critique. In this way, 
higher order thinking skills like applying theory to novel situations, using appropriate 
quantification, and designing controlled experiments would be given in the assessments 
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just as they are emphasized in the classrooms. When attempts were made to understand 
what students were thinking, teachers discovered uncommon conceptions about 
scientific phenomenon. Assessment designed to elicit individual conceptions measured 
student understanding at different levels of transfer. Thus by comparing items of 
varying levels of transfer, high degrees of information could be extracted. 
While students could perform well on a test of specific content they had 
practiced, they did not necessarily transfer that learning to a new situation. The degree 
of transfer has been highly criticized in the literature for example Broudy, 1977. 
Examples of “transfer failure” have been noted (Broudy, 1977; Detterman & Stember, 
1993) suggesting that studies which claim to show transfer—do not in fact show 
transfer. Some state the need to redefine what we mean by transfer (Greeno, 1977; 
Lave, 1988). We asked ourselves what was the similarity between the learning context 
and the new situation? 
How we learn effects subsequent transfer (Bransford & Swartz, 1998). For 
example, learning with understanding rather than simple mimicking is important for 
enhancing performance on new problems (Bransford and Stein, 1993; Brown and Kane, 
1988; and Chi et al., 1989). We need to provide students with “what if’ problem 
solving prompts in order to think about the qualitative effects of varying part to the 
problem. Indeed, viewing problem environments from multiple perspectives increases 
the flexibility with which people can deal with new sets of events (e g., Bransford et al., 
1990; Spiro et al., 1987). 
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2.3.4 Scientific Reasoning Developed in Introductory Biology 
We found that memorization was a poor means for preparing students in 
biology. By not practicing scientific reasoning, we were not preparing students for the 
skills need in today’s workplace. Our teachers stressed that students should become 
equipped to deal with ongoing development of changing biological models. These 
future biologists would be challenged to reason with an ever-growing literature base in 
the various sub-specialties of biology. They would need to critically examine evidence 
and reason within the context of altered models stemming from poorly understood 
factors. In many instances, science researchers are asked to generate questions where 
the answers are unknown and experiments should be designed to test these hypotheses. 
During the semester, class discussion often revolved on student generated responses to 
questions relating to some complex Biology model like ATP production and Cell Death 
By framing the model in relation to less understood diseases like cancer, students were 
easily engaged to relate Biological models of cell death to possible ways to combat the 
spread of well-known cancers. Once exposed to some understanding of how these 
models perform in the body, students generated questions for discussion and further 
research outside of class. 
2.3.4.1 Applying Biological Models to Novel Situations 
In the framework of some Biological model, students were provided many 
scientific-reasoning questions. They were asked to discuss questions in pairs and small 
groups. By expressing and listening to possible solutions, students became better able 
to handle higher transfer skills. One professor had remarked that students given these 
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tasks four years ago would score relatively poorly. Quizzes and tests given through the 
semester would often contain a high percentage of reasoning items. As an example of a 
model-based reasoning, we had hybrid test questions on the gradient model as it is 
applied to ATP synthesis: If you could increase the concentration of H+ in the matrix of 
the mitochondrion to exceed the concentration in the intermembrane space it would... 
Why? 
To explain the answer to this question, it would be necessary for the student to 
understand the model. Furthermore, a transfer of knowledge would be necessary to 
reason what would happen if the model were altered. As an answer, we would expect a 
statement of the fact—if the concentration of H+ is increased in the intermembrane 
space, the gradient of H+ would increase and there would be more potential energy 
stored in the gradient. A better understanding would say in so many words that the 
energy conserved in the gradient is used by ATP synthase in the synthesis of ATP. The 
enzyme is the only place in the membrane with permiability for H+. As protons pass 
through the enzyme flowing down their gradient it releases energy that is used by ATP 
synthase. If there is more energy available in the gradient from more protons that can 
flow down their gradient, more ATP could be made. 
What might be seen in the course of a typical biology lecture is a class 
discussion on how changing factors in the model introduces a problem solving design 
upon which students were eager to discuss and “find” a solutions amongst the multiple- 
choice options given during a Classtalk session. For example, how might the 
movement of protons going “backwards” alter ATP synthase. Students should be able 
to reason that this can occur, but it does not allow the enzyme to catalyze the reaction of 
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ATP synthesis. The enzyme structure only allows the catalysis of ATP when protons 
flow through it in one direction. 
Ongoing student assessment as used during Classtalk relied heavily upon 
students giving explanation for what might happen if a biological process became 
defective. For example, students studying the process of programmed cell death were 
asked to explain what happens when cancer cells appear. Within the framework of 
large lectures, Classtalk encouraged students to discuss their multiple perspectives and 
share how the body might address these changes with body defense mechanisms/ 
models. At times, students responded with personal experiences related to cancer 
treatment and made connections to models presented in their textbooks. 
Teachers presented an ever-evolving nature of science understanding. At times, 
a student might comment about visiting computer websites in order to gather recent 
cancer treatment breakthroughs. Along these lines, teachers prompted the process of 
critically examining web-designed information in order to further instruct the students 
on the value of the scientific process on examining evidence to support a theory. Any 
scientific discussion allows students to practice and internalize reflective or 
metacognitive habits (Vigotsky, 1978). Therefore, it was not surprising that a large 
proportion of the test items presented in the biology related to reasoning with a model 
and it’s variations. 
Because of the dual nature of the assessment, coding for m-c was scored on a 
correct or incorrect basis (0-1) and the essay portion relied on rubric (0-3). The test was 
scored on the basis of how well the student solution matched the “best” answer. 
Relying on group discussions surrounding the assessment of scientific processes, 
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degrees of transfer emerged. The transfer of learning refers to the ability of a student to 
"... display consequences of previous learning in situations that differ from the situation 
in which the original learning occurred” (Stillings, 2001). Item development and 
scoring was established through a categorization of student responses. Many of these 
response categories mapped onto transfer levels. 
2.3.4.2 Applying Models to Novel Situations 
Ongoing class assessment relied heavily upon students giving explanation for 
what might happen if a model was altered or a biological process became defective. For 
example, students learning the model of programmed cell death were asked to explain 
what happens when cancer cells appear. Within the framework of large lectures, 
students discussed their multiple perspectives and shared how the body might address 
these changes with body defense mechanisms/models. At times, students responded 
with personal experiences related to cancer treatment and made connections to models 
presented in their textbooks. What was often inferred in the class discussion is the 
evolving nature of science understanding. The teacher might pose questions to instruct 
the students on the value of the scientific process when examining evidence to support a 
theory. 
To promote thought and discourse, a large proportion of the test items presented 
in the Biology related to reasoning with a Model and it’s variations. To assess what the 
students knew with respect to Reasoning with Biological Models, students were 
questioned on the ATP production model in the Mitochondria. In Mitochondrial test 
item, students came into the test with (1) the necessary content background to reason or 
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(2) no background in Mitochondrial models. In the post-test administration, students 
were given two RWM items. 
The first delivery of the test questions repeated the mitochondrial questions 
while the second addressed a very new and unfamiliar model of how the body’s 
mitochondrial system is affected by varying amounts of cAMP in the system. In effect 
both cases required some content in order to work with the model. However, one test 
item presented information where the student had been previously exposed to the 
content, while the other question presented an unfamiliar model. These distinctive 
questions differentiated prior-exposed model understanding and new model 
information. In both types of questioning, students were asked to reason with the model 
in some application or variation. All forms of questioning whether factual recall or 
model synthesis are needed to guide the process of engaging more scientific thinking 
and reasoning. 
2.3.4.3 Recognizing and Designing Controlled Experiments (CEI 
We recognized that understanding the nature of controls is important to research 
and making decisions. One variable should be held constant in an experiment to 
sustantiate a scientific hypothesis. In the hybrid tests, students were asked to make 
conclusions regarding the effect of various amounts of water given to some plants. 
When the students expressed the need to isolate certain variables, their understanding in 
the need for controls became evident. Those students who based conclusive arguments 
on prior experiences and disregarded factors as described in the texts of the questions 
clearly displayed a lack of understanding and were given poor scores. On the other 
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hand, some students chose an incorrect answer for the m-c questions but explained it 
adequately when giving a written explanation. For example, one student stated that the 
reason the data did not prove either hypothesis is that both light and fertilizer were 
varied in the experiments. It would be necessary to hold one factor (either light or 
fertilizer) constant and vary the other factors. This would be considered a control. It 
would also be important to include more replicates (repeat experiment under identical 
conditions) for each treatment to ensure that the results did not represent random 
variability. 
2.4 M-C and Essay Comparisons 
While much discussion in the literature debates the use of multiple-choice 
versus the open-response test format, the heart of the matter was whether open- 
explanations required additional skills in relation to multiple-choice. This additional 
ability is termed the response-production factor in the test measurement literature. In 
his review of the empirical evidence on this topic, Traub (1993) concluded that 
evidence of the existence of a response-production factor is at best, unclear. In fact, 
differences in format had accounted for a very small proportion of score variance. 
Format effects were found to be less frequently for reading comprehension and 
quantitative tasks than for writing and word knowledge tasks. 
Besides domain differences, other reasons had been put forward for the failure 
to detect consistent evidence for a response-production factor. Frederiksen (1984) 
noted that the research is usually restricted to open-response questions that are 
adaptations of multiple-choice items: “It would be desirable also to make comparisons 
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in which the multiple-choice tests are adaptations of fr ee-response tests intended to 
measure complex cognitive skill” (p.197). Bennett (1993) attributed the uncertain 
evidence to an over reliance on correlational and covariance-structure methods without 
an analysis of the cognitive processes involved in the tasks. Also Traub (1993) and 
Snow (1993) argued for more emphasis on the cognitive aspects of item formats in 
future studies. 
Arguments supporting either m-c or essay have frequently been put forth in the 
literature. On one-hand proponents of m-c favor the cost effectiveness of such test over 
essay. Using analyses on a Chemistry portion of the College Board’s Advanced 
Placement exams in Chemistry, authors found that the constructed response portion of 
tests yielded little information over and above that provided by the multiple-choice 
sections. The costs entailed in the scoring of essay items are time and labor. Lukhele, 
Thissen, and Wainer (1993) measured the extent to which essay-style questions provide 
the cost benefits expected. To produce a constructed response test of equivalent 
reliability to a multiple-choice test takes from 4 to 40 times as long to administer and is 
typically hundreds to thousands of times more expensive to score. 
They found that the constructed response portion of data from the College 
Board’s Advanced Placement exams yielded little information over and above that 
provided by the multiple-choice sections. In the case of seven AP tests aggregated over 
a five-year period, the multiple-choice sections of the test correlate more highly with the 
constructed-response portion than the constructed-response (CR) portion does with 
itself (reliability). Though sympathetic to the arguments cited in support of the 
constructive validity of the CR tests, the authors are not convinced of the efficacy in 
52 
their use given the increased costs and noted decrease in test reliability when CR 
portions were included. 
On the other hand, those in support of essay-style items point out the limitations 
of the m-c tests to measure student understanding particularly as it relates knowledge 
depth. The constructed response question format requires the test taker to produce a 
response in any way other than selecting from a list of alternative answers. Such items 
may require the test taker to organize and write an essay or write an explanation. 
Multiple-choice items are suitable for measuring static knowledge (Tatsuoka, 1985), but 
have been challenged as being inadequate to fully assess these dimensions of cognitive 
performance. 
The limited opportunity for demonstrating in-depth knowledge afforded by this 
format, as well as the possibility that test-wiseness can contaminate the measurement, 
has prompted a search for alternatives to multiple-choice testing (Pollack, Rock, & 
Jenkins, 1992). Constructed response items are thought to offer such an alternative. 
Glaser (1985) suggests that items measuring complex thinking incorporate certain 
dimensions of performance. 
The primary motivation for the use of constructed response formats thus stems 
from the idea that they can measure traits that cannot be tapped by multiple-choice 
items—for example, assessing dynamic cognitive processes (Bennett, Ward, Rock, & 
Lahart, 1990; Fredericksen & Collins, 1989), identifying students’ misconception in 
diagnostic testing (Birenbaum & Tatsuoka, 1987). Such tests also communicate to 
teachers and students the importance of practicing these real-world tasks (Sebrechts, 
Bennett, & Rock, 1991). 
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Another powerful and convincing argument in support of constructed response 
items is that these questions address the skills important in real-world tasks (Sebrechts, 
Bennett, & Rock, 1991). Constructed response questions are thought to replicate more 
faithfully the tasks examinees face in academic and work settings. Thus, there is an 
indirect benefit of constructed response test formats that has nothing to do with their 
measurement characteristics. If it is known that students were required to demonstrate 
competence in problem solving, graphing, essay organizations, and writing, these skills 
may be more likely to be emphasized in the classroom (Pollack, Rock, & Jenkins, 
1992). 
The Bennett study examined the relationship of multiple-choice and ffee- 
response items contained on the College Board’s Advance Placement Computer Science 
(APCS) examinations. Confirmatory factor analysis was used to test the fit of a two- 
factor model where each item format marked its own factor. Results showed a single¬ 
factor solution to provide the most parsimonious fit in each of two random-half 
samples. In other words, little support is offered to suggest that m-c and ffee-response 
formats measure substantially different constructs (i.e., factual recall vs. higher order 
processes). 
To study the potential differences between multiple-choice and free-response 
item forms, several analyses can be applied. Some of these questions may address 
measurement characteristics, particular differences in constructs measured, predictive 
power in applied settings, reliability, and the interactions of these characteristics with 
such factors as race and gender. Other questions consider issues of timing, cost, and 
scoring complexity. While finally there are concerns of pedagogical value and face 
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validity. The two item formats are often portrayed in educational research as often 
measuring disparate cognitive constructs by measuring constructs of different value 
(Fiske, 1990; Nickerson, 1989). That is, m-c is depicted as assessing simple factual 
recognition and ffee-response tests are depicted as evaluating higher order thinking. 
The m-c and ffee-response questions on the College Board’s Advanced 
Placement Computer Science Exam were written to measure the same content. In fact, 
the ffee-response items appear to be no more than simple adaptations of the m-c. Using 
construct validity criteria for intermediary item type, the Bennett et al. study found little 
support for the existence of construct differences between formats. It was noted, 
however, that this finding is restricted to the computer science domain. Moreover, in 
such domains that require divergent thinking, m-c and constructed-response formats are 
shown to be nonequivalent (Frederiksen & Ward, 1978). 
The results presented in the Bennett study were notably limited to the tasks 
presented. A fair number of the AP Computer m-c items required some high-order 
skills often reflected in ffee-response items. Different results could have occurred with 
m-c items targeted more towards factual recognition or ffee-response questions 
requiring more extended or complicated productions. A final distinction regards the 
scoring scheme of the ffee-response items. The analytical scoring scheme used in the 
APCS does not take full advantage of the richness of efficiency, user-ffiendliness, and 
originality. The ffee-response section makes visible to the teacher and students’ 
behaviors considered important to course mastery. Without this visibility there is the 
danger that instruction might emphasize the tasks posed by the multiple-choice sections 
to the exclusion of programming, one of the central components of computer science. 
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2.4.1 Standardized Multiple-Choice 
Multiple-choice testing surfaced in large-scale educational assessments to gauge 
student proficiencies, evaluate programs, and monitor trends (Block, Mislevy, and 
Woodson, 1982). When using multiple-choice tests, two assumptions are made. First, 
the characteristic of examinees is stable over the time being measured. Secondly, the 
characteristics of the system affecting the examinee before the measurement is made are 
unaffected by the measurement process. These assumptions, however, are not well 
satisfied in educational testing. Moreover, a learner’s state of competence at a given 
point in time is a complex constellation of facts and concepts, and the networks that 
interconnect them. Student perspective and strategies, and the management capabilities 
by which he focuses his efforts are not easily identified in any form of assessment much 
less multiple-choice. We therefore see a current interest in alternative modes of 
assessment including essay-style formats to better describe students’ state of 
competence. Measures on student outcomes guide decisions in curriculum design and 
implementation. Because decisions are constrained by costs and benefits of 
administering tests, justifications for using m-c, essay or some combination is needed. 
M-C testing formats are valid to the extent that the two already stated 
assumptions are met in a given testing context. Assessment methods such as clinical 
interviews, essay, portfolios, writing about demonstrations, and journal study are fine 
grain methods to best understand what students know with respect to higher order 
thinking process skills. Face validity is increased because such methods better capture 
students’ understanding by connecting the measurement to the actual process skill. For 
example, if the response criteria for an essay item state that students will write a 
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scientific argument, then asking the students to write an argument is a direct expression 
of their understanding. When students are asked instead to choose among options to 
display their understanding of scientific models and/or justify their choice, the research 
question of how different test formats display student understanding emerges. 
Historically, multiple-choice testing was used as a means to identify army 
personnel who might be successful in a limited number of programs. They measured an 
individual’s degree of success depending on skill, knowledge and interest in the 
particular program of interest. In this manner, multiple-choice test items developed as 
an efficient process to match-up personnel and job classification. At lower costs than 
personal interviews or writing/performance samples, multiple-choice items provided 
enough information. Though a single multiple-choice item might offer little 
information, a large collection of items could reasonably predict an examinee’s success. 
Eventually, multiple-choice testing would be used to guide decisions in areas outside 
military assignment and be employed in educational settings such as course placement 
or college admittance (Mislevy, 1993). Educators were confronted with selection or 
placement decisions for large numbers of students, and resources limited the 
information they could gather about each student (Glaser, 1981). Thus, the proliferation 
of multiple-choice testing in education developed. 
4 Measurement of a psychological attribute occurs when a quantitative value is 
assigned to the behavioral sample collected by using a test. In other words a 
measurement has been taken when the chemistry instructor counts the number of items 
a student answered correctly and records the total score. From such measurements of 
observable behavior, the test developer draws an inference about the amount of the 
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theoretical construct that characterizes the student (Crocker & Algina, 1986). Because 
psychological constructs are abstractions, which can only be assessed indirectly, the 
design of instruments to measure such variables presents several challenges. Obtaining 
evidence of how science process skills relate to m-c measures is a formidable challenge 
in test development. 
The item development for multiple-choice demands far more attention and time. 
However, once created the multiple-choice tests produce standardized answers than can 
be compared, easily scored and useable immediately. Both testing essay and multiple- 
choice formats are useful not only for research purposes, but as diagnostic tools for 
teachers to understand science conceptions in the own classrooms. Alternative testing 
models like performance and portfolio-based assessment, while strong in validity, are 
weak in the existence of parallel forms (common yardstick) and in stable scores 
resulting from coaching and mis-scoring. As tests developed historically, former non- 
standardized testing formats (alternative models) moved towards standardized testing as 
an effort to provide equitable measures with statistically sound procedures. 
2.4.2 Hybrid Assessment Models 
Multiple test form are evident in the classroom. Classroom teachers routinely 
create test versions consisting of m-c and essay to better capture student understanding. 
M-C questions were combined with open-response to see whether our biology students 
truly understood the material respective of the question. Students who were given 
make-up exams for last years biology final were asked to complete the m-c portions of 
58 
the test with additional essay explanations for select problems. This was done to ensure 
the students were not, in fact, memorizing m-c answer sequences. 
A slightly more radical view on the question of combining assessments in order 
to achieve the best of both m-c and essay forms raises the issue of whether to consider 
both forms at all. Assessment instruments of the future will probably be composed of a 
combination of different types of questions. There are many types of possible tests, 
each with its strengths and weaknesses. “Multiple-choice items are economically 
practical and allow reliable, objective scoring but may emphasize recall rather than 
generation of answers. Constructed-response items are more difficult to score 
objectively and reliably, but they provide a task that may have more systemic validity” 
(Wainer & Thissen, 1993, p. 104). They further state combinations may allow the 
concatenation of the strengths of each while compensating for weaknesses. 
Constructed-response sections routinely exhibit lower reliability than the multiple- 
choice section. Moreover, the result of combining tests assigns weights in an inverse 
relation to reliability where the composite score rarely exceeds the reliability of the 
more reliable half alone. 
The issue of how to make a decision—depending on circumstances of 
advancement and/or instructional direction—must carefully be considered. One 
prominent issue is the reliability weighting, but serious thought must be given to the 
question of test validity. Measurement approaches find is sensible to either weight the 
components by some function of their reliability or to modify the lengths of one or more 
of those components to make them equal in reliability. This would result in a test of 
59 
excessive length. Perhaps instead, a weighing of the benefits associated with 
constructed-response or essay must be well documented. 
2.5 Cognitive Diagnosis Through Error Patterns 
In the interest of analyzing diagnostic variables after test construction, the work 
of Tatsuoka is valuable in that it investigates and categorizes the attributes pertaining to 
a particular group of examinees. She creates a vector space to inform us what concepts 
and contextual attributes describe any candidate thereby providing a broader picture 
beyond the limited test information of number of items correct. It is possible to extend 
her model by categorizing target groups of students (i.e., females, non-white, special- 
education) who might have similar vector attributes. The analysis: (1) those with the 
same ability level with the possibility of same attributes or different attributes or (2) 
those with the same attributes with common distractor choices. 
For reasons of comprehension, use of more general attributes such as reliance on 
prior or naive understanding can be used. It provides diagnostic information in a form 
more easily understood by educators while remaining compatible with instructional 
decisions. As an approach for getting a set of attributes, Tatsuoka created a Rule Space 
Analysis to reveal structure in sets of m-c or essay test items. Item response patterns 
are plotted in 2-dimensional space comprised of item difficulty and typicality of the 
response pattern. 
On a critical note, Tatsuoka comments that measurement attributes of test items 
for teachers use would need aggregation into larger units of descriptions which leads to 
possible technical flaws in aggregation. We know, in fact, that skills are not necessarily 
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distinct; therefore, this concern warrants further investigation. In this way, cluster 
analysis could reveal statistical information about distinct groups of examinees that 
share common attributes. We might question whether any response pattern is close 
enough to justify the cognitive diagnosis. Another component of diagnosis is Error 
Analysis, which looks at erroneous rules of operation. 
2.5.1 Test Validity 
Given the contrast of general problem solving skills, it is necessary to 
understand the nature of concepts and what are the schemas like for students’ prior 
conceptions. By forming a map or web of a student’s understanding, teachers can 
diagnose conceptual understanding. This level of assessment is well regarded for its 
strong construct validity. M-C tests appear less valid in capturing student 
understanding particularly as it relates to scientific reasoning. Validity refers to a value 
of how well a test measures a skill it is purported to be assessing. Thus a measure of 
student’s understanding should involve tasks that best replicate the thought processes 
involved in scientific problem solving. 
Certainly the question raised in this research was comparability of the 
contrasting measures of recall and explanation. Given the multiple facilities needed to 
address scientific thinking questions, we needed to understand the dimensions and 
relationships attached to these levels of cognition. As detailed in the scoring rubrics, 
such levels of understanding might better validate measures of scientific reasoning with 
a model or designing controlled experiments. Moreover, we saw response patterns 
emerge from the student writings. Therefore diagnostic work of both m-c and essay test 
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formats can be enriched and hence better validated by pattern descriptions as well as 
factor and regression analyses. 
On another but certainly related note, research in science education has 
identified factors that contribute to intellectual performance—specifically in how 
students should be able to transfer biological models to varieties of novel situations. In 
this way, if psychometricians are to follow the lead of how students learn and 
understand, they must devise and interpret tests that measure domain-specific prior 
knowledge, control processes, reasoning strategies, and metacognitive processes. In so 
doing, measurement has the potential to be more valid and precise. The effectiveness of 
instruction would be aided by these measures. 
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Table 2.1 
Positive and Negative Open-Ended Responses 
Instructor Positive Classtalk Negative Classtalk 
Teacher 1 (n=162) 57% 8% 
Teacher 2 (n-174) 84% 14% 
Table 2.2 
Third Mid-Semester Evaluation Question 
Instructor Never 1-2 306 >6 
Teacher 1 50% 36% 10% 4% 
Teacher 2 62% 26% 7% 5% 
Glaser’s Dimensions of performance 
• the extent to which an examinee’s performance on the test is 
principled—that is, derived from interconnected rules rather than 
fragmentary pieces of information; 
• the size and direction of dynamic changes in students’ strategies, 
which are hypothesized to reflect the structure of the mental 
models measured in (1); 
• the structure or representation of knowledge and cognitive skills; 
• the amount of automaticity of performance skills. 
Figure 2.1 Glaser’s Dimensions of Performance 
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CHAPTER 3 
METHODOLOGY 
3.1 Overview of the Pilot Study and Development of Test Instruments 
I investigated the feasibility of converting the STS to a m-c version. The 
adaptation made it easier to administer and score the tests; however, it was unclear 
whether the m-c test produces different information about the students. My work 
consisted of two studies. The pilot originated in a study of general scientific reasoning 
ability. The students were asked to generate and write down their answers to various 
scientific thinking questions—developing hypotheses, extracting variables, reasoning 
quantitatively, and creating suggestions as to how to resolve controversy. I then 
developed the multiple-choice version of the STS to determine if student outcome 
scores differed with respect to the either the essay or multiple-choice test format. The 
second study—the main work of this thesis—further studied test format differences on 
another set of reasoning tests within Biology. 
The methods described in this chapter are given in the two related projects. 
First, the pilot study completed on the university introductory biology sections is 
described. The pilot study on skills of general thinking with no particular content basis 
was a comparison of essay and m-c formats The result from the pilot study informed the 
present research which examined differences between essay, m-c and hybrid test 
versions of reasoning ability in biology. The second study examined not only essay and 
m-c versions but also an additional component of a Hybrid test that contained m-c 
questions followed by a short essay which asked students to give explanations of their 
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m-c responses. The ability to reason with causal models, design controlled experiments, 
and graph interpretations of variable relations were assessed in the second project. 
3.2 2000 Pilot Study in the Introductory Biology Classes 
In an effort to show gains in general scientific reasoning, introductory biology 
students were asked to complete a survey of scientific thinking at the beginning and end 
of a semester. The scientific thinking survey (STS) consisted of questions containing 
scenarios in which the students were asked a series of open-ended short-answer 
questions. The scenarios were not dependent on biology content. The questions were 
designed to engage general scientific reasoning skills. 
The pilot study investigated the question whether taking m-c or essay form of 
the STS produced similar results. The two tests, the original essay form and an 
abbreviated m-c form were administered to students during their first semester of 
biology. In an effort to gather evidence that inquiry-oriented teaching practices lead to 
improved scores on the STS, data was gathered in three sections of introductory 
biology. In biology sections one and two, faculty facilitated student skills in science 
communication and critical-thinking. The comparison group, section three, was taught 
by two faculty members whose styles were traditional in the sense that biology content 
was taught with less emphasis on student interaction and scientific reasoning. In order 
to design a comparable m-c form, questions for the m-c test were taken directly from 
the essay form. Common student responses from the essay version were used as 
alternate answers from which the students could select. For the m-c version of the STS, 
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we took sample of 88 introductory biology students by selecting one biology lab section 
from a total of 5 lab sections. 
3.2.1 Pilot Assessment Development and Content 
The survey items for the STS were created to assess the several instructional 
goals of inquiry-oriented classrooms. When questioned about what skills should be 
assessed in an inquiry classroom, Hampshire College natural science faculty suggested 
certain student outcome goals. Many stated the need for students to behave like 
scientists who (1) generate questions about a situation; (2) change questions into 
researchable hypotheses or experiment; (3) critically analyze the relationship between 
the data and a stated hypothesis or range of hypotheses; and (4) interpret conflicting 
scientific results. With input from the faculty, STEP researchers produced a bank of 
questions thought to address these goals. It was further decided that the test format 
would be open-ended and demand short-essay responses to the thinking questions. 
While interview methods could explore the given process skills more extensively, the 
written format made it feasible to collect data from a large student population. We 
found that the development of the scoring rubric played an integral part in 
understanding the nature of student responses. 
Defining student patterns of performance was a critical part of the assessment 
process. These patterns took shape through many conversations and sample scoring on 
a small subset of tests. By looking at common conceptions students demonstrated in 
their answers, general categories of understanding. Although examiners could develop 
ideal scoring guidelines before the administration of the test, a rubric that is sensitive to 
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levels of understanding required an analysis of how the students were responding. Our 
score development incorporated some divergent yet reasonable solutions discussed in 
chapter four. Scores ranged from 0 to 5 depending largely on the quality of the student 
response. Since we expected responses to reflect the practice of scientists, they were 
expected to show valued characteristics like the ability to generate many questions, to 
design controlled experiments to answer these questions, and to interpret the results of 
graphical data representations. 
Descriptions for each of the questions we presented to students follow in the 
next paragraphs. The substantive points of the STS played an integral part in the 
development of m-c version. Any m-c test development relies on the use of common 
responses as the test item distractors. From the student responses on the STS, we 
produced good alternative choices for the m-c questions by including the most common 
students answers on the open-response forms of the same question. A copy of both the 
open-response and m-c versions of the STS are available in appendices four and five 
respectively. 
3.2.1.1 Generating Testable Questions About a Scenario 
The first test item contained a scene where two people sit equal distances from 
an open bottle of perfume. One person smelled the perfume while the other did not. 
The students were asked to generate as many questions as they could so that they could 
be later stated as hypotheses. Many common responses posed questions like: Who was 
facing in which direction? Was there a breeze? Was someone sitting at a higher 
altitude? Did someone have a cold? Distinguishing characteristics of the problem 
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related to how well the student crafted a testable question. Many gave the few typical 
answers like: One person has a better sense of smell, one person has a cold, or there is a 
breeze flowing through the room. Others generated more possibilities including height 
differences, molecule movement in the room, or the possibility that one person was 
wearing the perfume. 
3.2.1.2 Designing Experimental STS Question 
In the next item, students showing a clear understanding of experimental design 
should be able to identify and create a well-controlled experiment. Some students were 
able to discuss confounding factors or lack of controls. Interestingly, the better students 
had a clear grasp of the need for controls and used the term appropriately. Some wrote 
well-developed controlled experiments, however, without using the term control. While 
not using the term “control”, they clearly could design an experiment and received 
higher scores. On the lower end of ability, some did not recognize any need for controls 
or described an experiment with more confounding factors. Those students therefore 
received lower scores. Finally, there were those who entertained themselves with 
remarks about the farmer that had nothing to do with the task at hand. What then was 
the distinction between poor thinking and nonsense thinking? We designed the rubric 
scoring so that poor thinking despite some genuine effort received a 1 while nonsense 
answers received a 0. In these cases of poor or nonsense responses, m-c testing limits 
the options from which students can respond. Asking students to develop an 
experiment based on some available data engaged multiple thinking skills. 
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These skills could be ordered hierarchically. First, students at a primary level 
had to follow the graphical representation. If, in fact, they were reading it correctly, 
they should be able to relate this information to the hypothesis which can get confused 
with data. The graphical interpretation related many interlocking skills of reading 
comprehension, vocabulary, and finally relational attachments. At any step in the 
process, it is expected that poor showing in one area will lead to later problems in 
understanding. The most poorly scoring students did not address the question and 
simply restated the information as it was presented. We wanted students to sift through 
the data rather than just summarize information. Students should be capable of multiple 
skills including reading comprehension, graph interpretation, and experimental design. 
Their common responses served as the m-c distractors for these items. 
In the second part of the question, students had difficulty with identifying the 
assumptions in the farm problem. Many responded by stating the hypothesis as an 
assumption. They confused hypothesis and assumptions as well as hypothesis and 
variables. This confusion didn’t necessarily coincide with a poor experimental design. 
Because of the frequency of these kinds of student responses, I used those statements as 
item distractors. 
3.2.1.3 Graphical Interpretation 
The duck question addressed data variability. There could be some points that 
follow a linear “trend” that students might classify as non-linear. When points on a 
graph could not be connected with a straight edge, they rely on linear relationships 
where the slope is constant without exception. This type of response would fine in an 
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algebra class stressing constant variation. However, within a scientific thinking context, 
the expectation was that students would recognize a linear trend despite non- 
coordinated linear points. Because beginning level college students are not typically 
exposed to the issue of scientific variability, it would seem reasonable for students to 
state only that the points do not fall in a line. Answers that are provided in m-c 
questioning provide information listed the naive responses or a common conception that 
it is linear except for a couple of points. 
3.2.1.4 Pilot Results 
Results from the pilot test comparing the m-c and essay versions of the STS 
showed pre-post student differences in the m-c version and no differences on the essay 
version. The groups taking the m-c exams consisted of students from Monday 
laboratory while the remaining sections took the essay version. Because observed 
differences could be due in part to differences in overall understanding between lab 
sections, we could not be conclusive about whether the pre-post differences could be 
attributed to format differences. Instead we decided to repeat the research with all 
students taking all forms of the test versions. Our next study would focus on biology- 
specific questions. 
3.3 Motivation for the 2001 Biology Thinking Quiz 
Though not controlling for student group differences, the pilot research provided 
a strong basis for further work. Following the pilot test administration done in the fall 
of 2000, STEP and PEW researchers agreed that we would create and administer 
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another test of scientific thinking. The partnership yielded new test that was not as 
general as the STS. We identified 3 scientific process skills that the instructors were 
trying to engage and scaffold the development of in the course: (1) reasoning with 
biological models; (2) interpreting experimental data relative to a hypothesis underlying 
an experimental design; (3) interpreting graphical presentations of data. The Biology 
Thinking Quiz (BTQ) project took place during the fall of 2001 and was developed in 
the course of several summer meetings in which viable methods of test administration 
and thoughtful item development were discussed. In attendance were the two Biology 
instructors and at least three members of the STEP program. 
One prominent issue about the pilot test was how to get more students taking the 
test and giving serious thought to their answers. When the students were asked to 
complete the STS, they were not held accountable for taking or finishing it. Particularly 
at the end of the semester, students completed fewer than half the surveys. Of those 
post-tests returned, a significant number did not complete the last questions. Many, in 
fact, made of point of stating that they were too tired, didn’t care, and didn’t see the 
point to taking a test for the second time. The second test administration would 
hopefully address these criticisms. We paid better attention to selection effects and 
questions of sample size by requiring the biology students to take the tests as part of 
their course grade. Still, we would later discover yet other problems that would prevent 
full return on the tests. 
Also problematic was the concern that the STS was not getting at inquiry- 
oriented learning goals that involve disciplinary content or at progress on reasoning 
with biological models. We therefore worked to design assessments that tap progress in 
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scientific thinking while staying closer to specific biology concepts. These items 
among other thinking skill items in biology served as prototypes for redesigning 
assessment practices in the course. Over the last ten years that the Biology 100 course 
has been offered, teachers stated that teaching and assessment has shifted away from 
factual recall and moved towards scientific model based reasoning. 
3.3.1 Fall 2001 Item Development 
A systematic process was implemented for the development of a Biology test to 
assess the students’ abilities to reason within biology. The goal was to develop an 
instrument that was sensitive to specific educational goals of the instructors. The 
development of these conceptually based test items relied on ongoing collaboration and 
followed general test development strategies. 
We identified the purpose of the fall 2001 STQ to be a pre- post measure of 
students’ ability to reason within the framework of complex biological models, design 
controlled experiments, and create/interpret graphs relating change over time. The 
Biology teachers wrote candidate items which were critiqued by the groups and either 
revised or rejected. Following the feedback process, the items were then drafted as m-c 
with essay support questions. 
3.3.2 A Hybrid Test: The University of Massachusetts Biology Thinking Quiz 
Students should be able to recognize and develop well-controlled experiments. 
In the first question, they were asked to examine the relationship of the data to the 
hypothesis. Part two of the question follows by asking them to redesign the experiment 
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if necessary. A potential concern might be that by suggesting a redesign of the 
experiment might cause the student to assume that a new experiment was needed. 
Students were then asked to reason scientifically and provide an answer using both 
choice and open response. The production component of open response provided 
insight on how students are thinking. 
The three questions that we gave to the students in the second project are 
provided in the text of this paper along with test copies in the appendix. Instructors 
provided explanations for the best answers. We then scored students on the basis of 
how well their explanations matched the instructors. Our rubric scoring related to the 
number of components of the instructors’ explanation the students had achieved. 
Alternate open-responses required ongoing discussions amongst the scorers. Needless 
to say, most essay responses fell into distinguishing categories. Any thorough analyses 
on the clustering of student responses was left for further research. 
3.3.2.1 Experiment Design Question #1 
Experiment design question #1 was taken from the Oregon biology workshop 
project. Student A hypothesized that plants obtained their energy from light and student 
B hypothesized that plants obtained their energy from nutrients in the soil They set up 
the following experiment: each of several groups of plants received different treatments 
of light and fertilizer. After all the seedlings grew for 21 days, the energy in each group 
of plants was measured using an instrument called a bomb calorimeter. The treatments 
and results of the energy measurements are shown below in Figure 3.1: 
The student explanation should state: The reason the data do not differentially 
support either hypothesis is that both light and fertilizer were varied non-independently 
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in the experiments. A controlled experiment would hold one factor (either light or 
fertilizer) constant and vary the other factor or would vary the two factors factorially. It 
would also be important to include more replicates (repeat experiment under identical 
conditions) for each treatment to ensure that the results did not represent random 
variability. 
Scoring: 
plantmc 1 answers E 
0 answers A,B,C, D 
coexper 3 States an experiment with explanation of the need for 
controls and variables 
2 variables mentioned 
1 experiment but no apparent understanding or mention of 
controls or variables 
0 nonsense, no answer, answer that is unintelligible 
3.3.2.2 Reasoning with the Models to Achieve Explanations 
Student learning of scientific concepts can be seen as a process of successive 
elaboration and refinement in which scientific models are created and modified to 
account for new phenomena (White & Frederiksen, 1990). To accommodate 
increasingly complex phenomena, assessment in the Biology 100 focused on getting the 
students to progressively build/explain how simple models of cellular processes change 
as a result of new variables. This was demonstrated in question two of the assessment. 
3.3.2.3 Mitochondrion Questions #1 and #2 
In the mitochondrion (see Figure 3.2), the electron transport system pumps 
protons (H+) from the matrix into the intermembrane space. This creates a gradient of 
H+ (more in the intermembrane space than in the matrix). Both membranes are 
impermeable to H+ (protons can not cross the membrane without help from enzymes). 
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ATP synthase is an enzyme complex in the inner membrane that uses the flow of H+ 
down the gradient (back into the matrix) to produce ATP. 
Student should state if the concentration of H+ is increased in the 
intermembrane space, the gradient of H+ would increase and there would be more 
potential energy stored in the gradient. The energy conserved in the gradient is used by 
ATP synthase in the synthesis of ATP. The enzyme is the only place in the membrane 
with permeability for H+. As protons pass through the enzyme flowing down then- 
gradient energy is released that is used by ATP synthase. If there is more energy 
available in the gradient from more protons that can flow down their gradient, more 
ATP could be made. The scoring which relies on the explanation basis follows. 
mitomc 1 B 
0 all other answers 
gradexpl 3 increase gradient therefore increase flow across 
the enzyme therefore increasing ATP (may not use 
the word gradient but shows understanding of 
movement from area of higher concentration to 
lower concentration) 
2 increase flow equals increase ATP 
1 knows A TP increases but unsure of mechanism; 
suggests possibilities 
0 nonsense, no answer, answer that is unintelligible 
The student explanation should state how the movement of protons would go 
“backwards” through ATP synthase. This can occur, but it does not allow the enzyme 
to catalyze the reaction of ATP synthesis. The enzyme structure only allows the 
catalysis of ATP when protons flow through it in one direction. 
atpmc 1 A 
0 all other answers 
hydexpl 3 there is no gradient (or a gradient in the wrong direction) 
therefore no ATP is produced 
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2 hydrogen ions want to now in the wrong direction back 
into the inter-membranous space from the matrix; do not 
understand the way the enzyme works that does not allow 
ions to flow back through the enzyme or uses up ATP for 
energy for this process. 
1 go through the enzyme to make A TP 
0 nonsense, no answer, answer that is unintelligible 
3.3.2.3 Reasoning with Unfamiliar Models to Achieve Explanations. 
The next question described was given to the students at the end of the course to 
determine whether they could reason about biological models for which they were not 
instructed. The new content relates to prior information on genetics and ATP 
mechanisms in metabolic rates. 
3.3.2.4 ATP-Digestive Question #1 
The hormone adrenaline is a small molecule that affects many cell types. The 
basic mechanism is that adrenaline binds to a receptor protein on the outer surface of 
the cell membrane. The receptor then converts a G protein on the inside of the cell into 
an active form. The active G protein then activates an enzyme called adenylyl cyclase. 
Active adenylyl cyclase converts ATP into cyclic AMP (cAMP). Te enzyme 
phosphodiesterase removes cAMP from the cell by converting it into AMP. 
Elevated levels of cAMP different effects in different cells. For instance, in fat 
cells elevated cAMP increases the rate of metabolism of fat to produce energy. In 
cardiac muscle cells elevated cAMP increases the rate of contraction, in intestinal cells 
elevated cAMP increases the rate of secretion of water into the intestine, and in skeletal 
muscle cells elevated cAMP increases the rate of conversion of glycogen into glucose. 
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The student should understand that if the phosphodiesterase has less activity, it 
will lead to elevated levels of cAMP because it is not being converted into cAMP. 
Elevated cAMP will increase metabolism of fat in the fat cell and therefore there is an 
inability to store fat or gain weight. The scoring that depends on the depth of 
explanation follows. 
mcLosewt 1 A 
0 all other answers 
wtgain 2 If the phosphodiesterase has less activity it will lead to 
elevated levels of cAMP because it is not being converted 
into AMP. Elevated cAMP will increased metabolism of 
fat in fat cell and therefore an inability to store fat or to 
gain weight. 
1 defect in gene makes you unable to gain weight; has part 
of understanding but does not use the model to explain 
0 relies on prior knowledge to explain, not model 
For question #2, the student should explain that a G protein stuck in the active 
from activates adenylcyclase which leads to an increase in cAMP in the intestinal cells. 
This leads to a secretion of large amounts of waterinto the intestine. This is diarrhea. 
Diarexpl 2 AG protein stuck in the active form activates 
adenylcyclase which leads to an increase in cAMP 
in the intestinal cells this leads to secretion of 
large amounts of water into the intestine. This is 
diarrhea. 
1 knows defect causes diarrhea but does not show 
understanding of using a model to explain answer 
0 relies on prior knowledge to explain, not model 
3.3.2.5 ATP-Digestive Question #2 
It was likely that students would use prior knowledge on this question. When 
students are not instructed on certain biological models, we expected that some would 
rely on previous conceptions relating to weight loss. Regardless of information 
provided in the question, students would base their explanations on prior information on 
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weight control and diarrhea. The better scoring students seemed to pick sentences from 
the paragraph on cAMP to answer the questions. There in fact, students better able in 
reading comprehension could “reason” about the biological model without any distinct 
scientific basis. It became clear that a major component of complex thinking was 
reading comprehension in order to follow and thus reason through the biological 
models. Clearly the open-response form extended the opportunity to bring out their 
levels of reading comprehension and prior conceptions. The following graph shows the 
trends in smoking and lung cancer during most of the last century. 
The student should explain: (A) There does appear to be a correlation between 
lung cancer and smoking. It does not prove cause and effect, but it does suggest a 
relationship. (B) The fact that the lines for smoking and cancer in women appear to 
have different slopes is a function of the axis values and does imply the correlation is 
less strong. (C) There does appear to be a correlation between lung cancer and smoking 
in both men and women. It does not prove cause and effect, but it does suggest a 
relationship. 
m-c 1 
0 
explanation 
3 
2 
D 
all other answers 
makes statements concerning choices A,B,C,E that I 
include the following points: 
(A) There does appear to be a correlation between lung 
cancer and smoking. It does not prove cause and effect, 
but it does suggest a relationship. (B) The fact that the 
lines for smoking and cancer in women appear to have 
different slopes is a function of the axis values and does 
imply the correlation is less strong. (C) There does 
appear to be a correlation between lung cancer and 
smoking in both men and women. It does not prove cause 
and effect, but it does suggest a relationship, 
simply states that there is no cause/effect relationship 
shown; may include replication of the experiment 
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1 talks about factual information about each possibility 
based on prior knowledge or beliefs but does not discuss 
cause/effect or replication 
0 nonsense, no answer, answer that is unintelligible 
Often, students will rely on prior conceptions to answer this question. Because 
smoking and its effects were well publicized, students provided answers on information 
that disregarded simple graphical interpretation. In the first project, the STS item on 
graphical interpretation dealt with duck populations as related to breeding latitude 
locations. Students were less likely to relate prior information on birth rates of ducks. 
Despite these differences, the rubric descriptors on both the STS and BTQ questions of 
graphical understanding captured these conceptions. 
The student should explain that the gene that causes breast cancer is linked to 
this marker, but recombination can occur between DS17-1A and the breast cancer gene. 
In the parents of this family, the mutant allele of the breast cancer gene is on the 
homolog with the DS17-1A allele #1. That is why four of the five women in the family 
inherited that allele and the mutant breast cancer allele. Only in one woman was there 
recombination between the marker and gene such that she inherited the mutant breast 
cancer allele but allele “2” of DS17-1 A. Student scoring that depends on the depth of 
explanation follows: 
Essayl 3 mentions crossing over + 2 or more explanations of 
alleles #1 and #2 with the location of the breast cancer marker 
2 mentions crossing over without explanation of cancer location to 
allele #1 
1 mentions mutation/wild gene type or breast cancer inherits allele 
#1 mentions dominant gene or another cause for cancer. States 
allele #1 crosses over to #2 or 2 alleles responsible for breast 
cancer 
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The key to getting a top score on this item was the mention of crossing over and 
an explanation for the answer. Most students scored 2 as a result of NOT providing any 
explanation of why crossing over might occur. It seemed essay formats would lend 
themselves to capturing how a student arrived at an answer. In this case, however, it 
seemed that students gave very short single sentence answers that provided little 
information. On the other hand, those students who could not provide a best response 
or mention of crossing over tended to give lengthy explanations that were often faulty. 
Perhaps in these essay responses, more information is gleamed from the less able 
students. 
The student should explain that severe DNA damage would normally be 
detected by BRCA-1 and would activate p53 to stop the cell cycle and attempt 
repair. However, if damage is severe, repair would probably fail and apoptosis 
would occur and the cell would die. 
If both BRCA-1 and p53 were mutant and did not work, then the damage 
would not be detected, and repair or apoptosis would not be activated... so the 
cell would probably try to keep dividing despite the radiation damage. 
Essay2 3 all of 2 + explanation of BRCA-1 activating p53 
2 cell death or if worse tumor growth 
1 cell death or tumor growth 
0 spreads faster with no explanation of why 
reverse roles of BRCA-1 and p53 
For this item, high scoring students showed clear understanding of the 
mechanism of cell death. The less capable students relied heavily on their prior 
conception of cancer and its treatment. Rather than using knowledge gained from direct 
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instruction on models of cell death, these students often explained cell mechanisms for 
which they were most familiar whether or not it was applicable. 
3.4 Summary of Fall 2001 Administration of the Biology Thinking Quiz 
The biology fall2001 assessment consisted of hybrid test items. This test was 
given on the second class meeting of the fall 2001 semester. The professors scored the 
test on two levels: (1) 0-2 points depending on the completeness of answers. A more 
extensive rubric scoring was completed at the end of the fall semester. Both scores 
served to evaluate the general scientific reasoning skills at the beginning and end of the 
teaching semester. The more general scoring allowed students to receive next day 
feedback on their work. The rubric scoring was a more complete review of the 
students’ process level. 
Relying on group discussions surrounding the assessment of scientific processes, 
degrees of transfer emerged. The rubric scoring matched broad hierarchical levels of 
scientific thinking. At the lowest level, score=0 student answers were either missing or 
nonsense; score=l answers were incomplete and showed poor understanding; level=2 
answers were adequate by addressing key points; and level=3 answers were expert-like 
in a fashion typical of a professor. 
Besides content and response characteristics of items, the present research 
examined test format characteristics on essay, m-c, and hybrid assessments of scientific 
thinking. The hybrid test was administered at the beginning and end of the semester. 
The essay quiz was given at the end of the semester on December 7. Finally, the 
multiple-choice test was given during the end of the semester examinations. Again, 
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collaboration and extensive discussion on the appropriate test content revealed the 
importance of utilizing high order scientific thinking skills on all the assessments. 
3.5 Statistical Analyses 
3.5.1 Design of the Study 
Three testing formats—M-C, Essay and Hybrid tests were administered in the 
fall 2001 college semester. Mean scores and differences were obtained. In order to 
investigate format differences in tests targeting specific scientific constructs, descriptive 
statistics including reliability, mean, and standard deviation, frequency distributions on 
test scores, factor and regression analyses were performed on students scores on the 
three testing formats (Figure 3.12). 
3.5.2 Correlation Indices of All Test Items 
All item correlations and exploratory factor analysis were performed using SPSS 10 
software package. Both the correlations and the subsequent factor loading present data 
from which associations between variables could be further studied. 
3.5.3 Factor Analysis 
3.5.3.1 Procedure for Factor Analysis 
To explore and evaluate the best representation of the test item structure, an 
exploratory factor analyses was conducted on 51 items from the three test versions—39 
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m-c, 2 essay, and 11 hybrid. In order to produce a meaningful interpretation of the data, 
we used the principal axis method, which makes use of an un-weighted least squares 
method. The unweighted least-squares methods produces, for a fixed number of 
factors, a factor pattern matrix that minimized the sum of the squared differences 
between the observed and reproduced correlation matrices (ignoring the diagonals). 
During what is called a factor extraction phase, the number of common factors 
needed to adequately describe the data was determined. This decision was based on 
eigenvalues seen as a screen plot and the percentage of the total variance accounted for 
by different numbers of factors. 
Although the factor matrix obtained in the extraction phase indicates the 
relationship between the factors and the individual variables, it is usually difficult to 
identify meaningful factors based on this matrix. Often the variables and factors do not 
appear correlated in any interpretable pattern. The goal in factor analysis is to identify 
factors that are substantively meaningful. That is, they summarize sets of closely 
related variables. We then consider the rotation phase in which the factor analysis 
attempts to transform the initial matrix into one that is easier to interpret. Using 
hypothesized variables, it is difficult to interpret any of the factors, since the variables 
and factors are intertwined particularly where all the factors may load quite high and 
explain all of the variables. The goal of rotation is to transform such complicated 
matrices in more interpretable matrices. We look at what the plot of variables would 
look like if rotated on relatively different axes. When axes are rotated at right angles, 
the rotation is called orthogonal. If the axes are not maintained at right angles, the 
rotation is called oblique. 
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To identify the factors, it is necessary to group the variables that have large 
loading for the same factors. Plots of the loading are one way of determining the 
clusters of variables. Another strategy is to sort the factor pattern matrix so that 
variables with high loading on the same factor appear together. Small loadings—less 
than 3 were not displayed. 
In review, the steps for the factor analyses are as follows: 
1. The correlation matrix is computed. If a variable has very small correlations 
with all the other, consider eliminating it in the next run. Check the size of 
its communality and loadings. If the loading is greater than 0.5, you move to 
the next step. 
2. The factor loadings are estimated using the principal axis method. You then 
rotate the loading to make them more interpretable. That is, we want to see 
a clear clustering effect on the graph. The analysis continues by rotating the 
axes to possibly get a more interpretable picture of variable proximity. 
3. Two analyses—orthogonal and oblique rotations—are used in order to explore 
options for viewing the data. The different options give you different 
solutions. You want to evaluate the best representation of the structure using 
these two separate analyses. Orthogonal rotations produce factors that are 
independent of each other. Oblique rotations allow some correlation among 
the factors. 
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3.5.4 Regression 
A series of regression analyses were done to evaluate differences among item 
formats with respect to reasoning constructs being measured. An attempt to predict a 
non-test measure (student SAT-verbal) based on the predictors of various test measures 
were completed. For example, dependent sub-test score variables like student final 
course grade or SAT score is identified as construct "Y." Independent measures consist 
of multiple-choice score XI, the essay score X2, and the hybrid score X3. Three 
regression equations are carried out: 
1) Y=bO + blXl 
2) Y=bO + blXl + b2X2 
3) Y=bO + blXl + b2X2 + b3X3 
The regression analyses will sequentially add predictor variables and keep track of the 
percentage of variance accounted for in the criterion variable. The primary interest is to 
look at both the overall r-squared and squared semi-partial and partial correlations. 
When the r-squared values also known as residual decrease with each subsequent 
equation, we have evidence that the independent test measures are improving 
prediction. We might then ascertain that a single test measure is improved with the 
additional unique measures. 
3.5.5 Qualitative Design on ATP-Digestion Hybrid Item 
Case examples of student writings on m-c and essay explanations revealed 
striking evidence of format differences on the biology tests of scientific thinking. 
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Student evidence highlighted examples where student answers on m-c prompted 
questions differed from open-response explanations for the same item stem. This part 
of the research design took portions of the hybrid m-c/essay explanation to provide not 
only differences but also possible explanations for these differences. Cognitive models 
on how students understand complex biological models provided the framework upon 
which student categories of scientific understanding emerge. Evidence to support and 
explain differences were collected on selected student responses. 
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Light intensity 10 20 30 40 50 
Fertilizer (grams) 1 2 3 4 5 
Energy Content after 21 974 1190 1510 2170 2865 
Days (Kcal) 
Which of the following would be the best statement about the data from the students’ 
experiments? 
A The data prove both hypotheses. 
B The data contradict student A’s hypothesis but support student B’s 
hypothesis. 
C The data contradict both hypotheses. 
D The data contradict student B’s hypothesis but support student A’s 
hypothesis. 
E The data are consistent with both hypotheses. 
Would you redesign their experiment, and if so, how? If not, why not? (Use the 
same hypotheses). 
Figure 3.1 Design Question #1 
mitochondrion A u „ , © = H+(hydrogen ions) 
Figure 3.2 Mitochondrion 
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If you could increase the concentration of H+ in the intermembrane space 
it would 
Why? 
A stop the production of ATP immediately. 
B increase production of ATP. 
C decrease production of ATP. 
D have no effect on the production of ATP. 
Figure 3.3 Mitochondrion Question #1 
If you could increase the concentration of H+ in the matrix to exceed the 
concentration in the intermembrane space it would 
A stop the production of ATP immediately. 
B Increase production of ATP. 
C Decrease production of ATP. 
D Have no effect on the production of ATP. 
Why? 
Figure 3 .4 Mitochondrion Question #2 
An individual that has a defect in the gene that codes for the phosphodiesterase 
such that this enzyme has only one tenth its normal rate of activity might be 
expected to show which of the following symptoms? 
A_An inability to gain weight 
B An inability to lost weight 
Explain your answer. 
Figure 3.5 ATP Digestive Question #1 
The bacterium Vibrio cholera produces the disease cholera by 
colonizing the small intestine and producing a toxin. The toxin is an 
enzyme that causes the G protein to be stuck in the active form. Based on 
the information provided above suggest a mechanism by which Vibrio 
cholera infection could lead to diarrhea. 
Figure 3.6 ATP Digestive Question #2 
4. The following graph shows the trends in smoking and lung cancer during most 
of the last century. 
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What is the best conclusion that can be drawn from this graph? 
A Lung cancer is not related to smoking in men or women. 
B Lung cancer is related to smoking in men but not in women. 
C Lung cancer is related to smoking in both men and women. 
D The rate of smoking in both men and women increased and the 
rate of lung cancer in men and women increased. 
Figure 3.7 Reasoning Quantitatively with a Graphical Representation 
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* 
Explain why each answer you did not choose is NOT as good 
as the answer you did choose. 
Figure 3.8 Graphing Question # 1 
On chromosome 17 there are three genetic mapping markers, DS17-A 
(with alleles 1 and 2), DS17-B (with alleles 3 and 4) and DS17-C (with 
alleles 5 and 6). Ten women from a large family that carries a 
mutation that causes breast cancer were tested for these markers. Five 
of those women have breast cancer, and the other five do not. There 
were four women with breast cancer who inherited DS17-A allele 1, 
but one woman inherited allele 2. 
Write a few sentences describing why most of the women with cancer inherited allele 1, but 
one woman inherited allele 2. 
Figure 3.9 Allelle Essay Question #1 on Essay Test 
In a breast cancer cell, both the BRCA-1 and p53 genes have been 
lost. From what you know about damage control, write a few 
sentences to describe what would happen to this cell if it was 
exposed to radiation that caused severe CAN damage? 
Figure 3.10 Cell Death Essay Question #2 
Test Format Administration date Number of items Sample size 
Multiple-choice 
(Biology final exam) 
12-21-01 39 176 
Hybrid 12-14-01 11 176 
Combination of M-C and follow-up essay response 
(Biology Scientific Thinking Quiz) 
Essay 12-07-01 2 176 
Short answer open response (Biology Friday Essay Quiz) 172 random subset 
Figure 3.11 Descriptive Statistics on All the Tests 
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CHAPTER 4 
RESULTS 
4.1 Overview 
The data set of test scores consisted of student numbers ranging from 235 to 575 
depending on the test. After randomizing the large sets and merging student files, a 
final count resulted in 176. Descriptive statistics on all the test items used in this study 
are provided in Table 4.1. All results pertaining to Chapter 4 can be found at the end of 
the chapter. 
As described in Chapter 3, the student files consisted of tests scores on the three 
formatted measures—m-c final, hybrid model-based reasoning, and essay model-based 
reasoning. Reliabilities for essay, m-c, and hybrid were .5753, .8529, and .6435 
respectively. The results on the descriptive statistics showed a fairly uniform 
distribution of item difficulty ranging from 33% to 95% of student getting individual m- 
c items correct. 
4.1.1 Correlation 
All the test scores containing both continuous and binary data were saved in a 
fixed ascii-formated file. Listed in Table 4.4 frequencies, histogram, and central 
measures on the correlation values. The complete correlation matrix can be furnished 
upon request. 
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4.2 Factor Analysis 
These results using principal axis factoring with quartimax rotation revealed the 
most pronounced information identifying those items attributed with outstanding 
variance. We chose to do several iterations of increasing complex models starting first 
with a basic model in which all the items were loading on one factor (ie. LX (2, 1)). At 
first, a failure to converge came curiously because item #40 on the M-C final exam was 
a question in which all students got it correct. By eliminating the question, the process 
was completed without problems. When the test formats were grouped together, there 
was a loading of 4-5 factors. M-C alone produced a loading of 1-2 factors. In this way, 
factor loading relates to how much variance on any given item is present. The scree 
plot shown in Table 4.5 provides evidence of four factors when selecting loading values 
greater than .3. We show this by literally drawing tangent lines to the plots. As shown 
in the graph, four distinct lines corresponding to numbers of factors are drawn. 
While our proposed model of format differences was not confirmed, there was 
evidence to suggest some interpretations of the data. Specifically, factor one appears to 
be a M-C factor, while factor two relates to genetics content, and finally factor three 
relates to reasoning with a model (model change). 
4.2.1 Factor Interpretations 
Eigenvalues and the corresponding scree plot are found in Table 4.5 and Figure 
4.2, respectively. Using the factor load matrix presented in Table 4.6, we were able to 
make some interpretation of the first four factors derived from taking loading values 
greater than.3. Specifically, the loading could be associated with 1) pure m-c items 
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from the final exam, 2) genetics content (essay questions and first two pure m-c items, 
and 3) model variation on both m-c and open-explanation from hybrid items, and 4) 
two pure m-c items that were loading on factors 1) and 4) as well as the first three 
hybrid mitochondrial items. The fourth loading is not easily interpretable. 
4.3 Crosstab Frequencies on Hybrid Test Items (same stem with m-c*open) 
In the next results (Tables 4.7 to 4.11), score frequencies on sets of hybrid items 
were arranged in a cross tabular form to allow for easy viewing of m-c/open- 
explanation student scores on each hybrid item. Side by side comparison are presented 
on the histograms. The first pair of side-by-sides histograms are incorrect and correct 
m-c. The subsequent histograms are pairs of open-explanation scores (0-2) placed 
incorrect and correct respectively. 
I observed that in select cases, distributions of student scores on open- 
explanations appeared similar whether or not they go the m-c portion correct. The 
correlations of open-explanation responses grouped by incorrect and correct m-c answer 
were strongly positive for all the hybrid items except for the first ATP-digestive 
question. No t-test finding had indicated significant differences in the open 
explanations of the hybrid items (see Table 4.12). 
4.3.1 Crosstab Results on m-c * Open Responses on Hybrid Test Items 
Crosstab tables on scores on specific m-c and open-response items revealed 
strong evidence that the m-c and open forms of the same questions were different. 
Proportions of students getting correct m-c answers verses open explanations for these 
answers were not the same. 
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The controlled experiment item required students to identify the appropriately 
controlled experiment in the m-c form. Even with two-thirds of the samples getting the 
m-c item correct, the open explanation form of the question revealed more than half the 
sample receiving inadequate responses (score=l). In the same way, the gradient 
question again showed two-thirds of the sample getting the m-c correct, while half of 
the sample received poor responses (score=l or 0) on the open explanation for the same 
question. 
While having stated that students exhibited differences by responding correctly 
to m-c and yet poorly on the explanations, we also see the reverse phenomenon on 
ATP-digestion questions. We saw greater umbers of students getting m-c portion of the 
question incorrect than adequate scores for explanation. In other words, they were 
showing evidence of understanding the problem despite the wrong m-c selection. 
4.4 Regression 
A series of regression analyses were done to evaluate differences among item 
formats with respect to reasoning constructs being measured. An attempt to predict a 
non-test measure based on the predictors of the three test measures (m-c, essay, and 
hybrid) was completed. The dependent score is identified as construct "Y." 
Independent measures consist of multiple-choice score XI, the essay score X2, and the 
hybrid score X3. Three following regression equations were carried out: 
1) Y=bO + blXl 
2) Y=b0 + blXl + b2X2 
3) Y=b0 + blXl + b2X2 + b3X3 
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The analyses calculate the partial and semi-partial correlations between each predictor 
and Y (some measure of student achievement), which will estimate "unique" variance in 
Y accounted for by the variable above and beyond that accounted for by the others. The 
same analyses were run for the other variables. 
4.4.1 Regression Summary 
In the regression (refer to Tables 4.13 to 4.15), all testing formats whether taken 
individually or in step-wise fashion correlated very poorly with final course grade. 
Further regressions were performed using SAT-M, SAT-V and high school grade point 
average. All the regressed models using m-c, essay and hybrid have very low r-squared 
values when taken in a hierarchical fashion. 
4.4.2 Statistical Results Summary 
The most outstanding result (Figure 4.1) was the overall poor correlations 
between the independent SAT measures and all items particularly the m-c and hybrid. 
In the histogram of all correlations, we saw the predominance of the values at zero with 
little deviation. The medians007, mode=.000, mean=.l 10, and standard deviation is 
.0461 including an outlier of .87. 
When we performed exploratory factor solutions using a quartimax rotation of 
the principal axis factor analyses, we identified three interpretable factors—m-c format, 
genetic content, and model-based reasoning and an indistinguishable fourth factor. 
Further examinations of the frequency distributions on the m-c and open 
explanations portions of the hybrid items revealed students getting the m-c portion of an 
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item correct with inadequate explanation. Other instances showed students getting the 
m-c portion incorrect yet demonstrated sufficient explanation (score=2 or more). The 
cross-tabular results of the frequencies showed students able to give adequate 
explanations despite getting the m-c portion incorrect. Also shown were students 
getting the m-c correct and providing poor explanations. The histograms and paired 
sample (incorrect vs correct m-c response) correlations with open-response scores 
highlighted the contradictory nature of the student responses depending on the format of 
the hybrid questions. In 3 out of 4 instances, the open-explanations were strongly 
correlated. 
In the regression, all three tests correlated poorly with each other and in 
particular with final grades. We would expect a stronger correlation with test scores 
and final grade. This was not the case. When trying to fit test score predictors for a 
non-associated student measure, all the fits were extremely poor and were not 
substantially improved with the addition of any tests. All the regressed models (models 
1-9) using m-c, essay and hybrid had very low r-squared which was not surprising given 
the poor correlations. 
The linear regression demonstrated that differences cannot be found using as 
predictor variables—total scores on essay, m-c, and hybrid on dependent variables— 
VS AT, MS AT, high school grade point average, or final course grade. The test 
measures accounted for close to zero percent of the variance thus suggesting these 
variables do not predict student outcome measures. Therefore, it was unclear as to how 
the testing formats differ. 
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4.5 Qualitative Results on Select Hybrid Items 
Empirical data on the ATP hybrid items was collected and closely examined 
from a qualitative perspective. The multiple-choice and open response revealed levels 
of conceptual understanding, which mapped onto naive impressions to strong 
statements of clear understanding. Student answers seemed to rely on early conceptions 
that differ from finalized model-based constructions. 
In the preliminary rubric scoring of the scientific survey given prior to 
instruction during the first week of classes, patterns of student responses emerged. 
Students were asked to reason about the gradient model used in ATP synthesis. In the 
process of scoring, I had discovered pronounced categories of how students were 
responding to the items relating the gradient model and ATP production. In the 
question stem where the concentration of H+ increases in the matrix, students who 
scored poorly on the open explantion often relied (70%) on prior conceptions which did 
not relate the information in the problem. Some examples are: 
• ATP used the flow of H+ so if there is more than there were more ATP 
produced 
• The increased of the concentration of H+ in the intermembrane space would 
increase the product of ATP because the H+ would go back into the matrix and 
cause an increased level of ATP. 
• ATP helps the matrix which helps it cross the membrane. If there was ATP in 
the intermembrane it would spread more H+ to the matrix. 
• It would increase the production of ATP since the protons use enzymes to cross 
the membrane. The increase would allow them to force their way, causing more 
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ATP to be produced. As the gradient increases, more H+ protons will flow into 
the matrix. 
Some students responded incorrectly on the m-c question on the effect of ATP 
production when H+ in the matrix exceed the concentration in the intermembrane space. 
Despite getting the m-c incorrect, they were able to provide a fair or good explanation 
to explain the answer. Examples: 
• It would stop production of ATP because it would be easier for it to cross the 
outer membrane and would no longer cross into the matrix-stopping slow and 
production of ATP. 
• If the concentration of H+ in the matrix were to exceed the concentration in the 
intermembrane space the production of ATP would decrease because H+ from 
the intermembrane would not be able to cross into the matrix and form ATP. 
• The production of ATP would stop because the H+ would not be flowing into 
the matrix. The H+ will take the easiest way out. 
• The production of ATP is increased when the concentration of H+ flows back to 
the matrix. If it is already in the matrix we won’t be able to see this flow. 
• Without the flow of the concentration of H+ to and from the matrix, production 
of ATP would stop immediately. 
• There wouldn’t be enough H+ in the intermembrane to produce more ATP. 
• More H+ protons would be flowing out of the matrix, meaning less would flow 
in, which intum would decrease the amount of ATP produced by the ATP 
synthase. 
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• All the H+ protons would be flowing out of the matrix, meaning less would flow 
in, which intum would decrease the amount of ATP produced by the ATP 
synthase. 
• All the H+ protons would flow out of the mitochondrian much easier since no 
assistance is needed to pump them out by enzymes, and all the H+ would exit 
through the outer membrane, leaving no H+ protons to pass through the ATP 
synthase to produce ATP. 
• If there are more H+ in the matrix, the protons would go back into the 
intermembrane to achieve an equilibrium, and that would decrease the 
production of ATP 
Though about 40% of students selected a m-c options of a decrease in ATP 
production, many of that group indicated some but not a full understanding of the 
gradient mechanism. In fact when asked to explain further, students saw the connection 
of H+ flow out of the matrix and the resulting decrease as a problem of diffusion—a 
process distinct from movement in the gradient. 
Further analyses indicated that about 20% students correctly answer the first of 
three ATP-gradient model questions but later showed they really didn’t understand. It 
is possible that they were able to read this first item in which the answers follows 
consequentially from the paragraph preceding the question. These students read well 
and appropriately located the answer within the text of the item stem. When they were 
asked to reason with this given model, the answers had to be thought through rather 
than taken directly from text. In the following examples, they stated that the ATP 
production would stop immediately. Examples: 
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• Because if ATP uses the flow of H+ down the gradient then you supplied it with 
more H+ and more ATP would be produced as a product. 
• There would be no effect on the production of ATP because there would still be 
the same amount of ATP but more H+ so it wouldn’t be able to produce it more 
efficiently 
• ATP would stop being produced because H+ will flow out of the membrane so 
that it were equal on both sides. It would remain equal so no H+’s would enter 
the matrix to produce ATP 
Students answer the first m-c and subsequent explanation well but scored poorly 
on related questions, which demand more reasoning. In the next examples, they should 
state that the ATP would decrease but their reasons cited show poor understanding. 
Examples: 
• It would increase production of ATP because the ATP synthase is an enzyme 
complex in the inner membrane that uses the flow of H+ down the gradient to 
produce ATP. 
• It would stop because the ATP would have nowhere to transport. 
Finally, about 20% students responded incorrectly on the first ATP question 
which relates more to student understanding of the simple model without the variation. 
Later they answered the harder version correctly with good explanations. Examples: 
• ATP is produced because of the forced introduction of the E-flow. Having a 
permeable membrane would disrupt the flow. 
The ATP production thrives off the gradient. The H+ increase in the matrix would stop 
the gradient. 
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4.5.1 ATP-Digestive Questions 1 and 2 
Close inspection on the frequency of scores on the twp ATP-digestive m-c and 
open-response items revealed strong evidence that the m-c and open forms of the same 
questions were different. Proportions of students getting correct m-c answers verses 
open explanations for these answers were not the same. To add, greater numbers of 
students were getting the m-c portion of the question incorrect, then adequate scores for 
explanation. In other words, they were showing evidence of understanding the problem 
despite the wrong m-c selection. 
The crosstab presentation of students’ scores on the m-c and open-response 
forms indicated that of the 129 students getting the m-c portion of the ATP-digestive 
question 1 incorrect, 8 of them gave good explanations (score=2.) On the ATP-digestive 
question #2, of the 129 getting the m-c portion incorrect, a higher number of 73 
respondents received an explanation score=2. Also, of those students getting the m-c 
correct (n=167), about 30 were receiving poor scores of a 0 or 1 on their explanations 
following question #2. 
In analyzing students’ responses to scientific reasoning questions in which they 
were presented with model information and subsequently asked to determine what 
would happen if variables in the model were changed, students’ responses could be 
classified in a relatively small number of clustered patterns. These clusters suggested 
students ranged in their levels of negotiating new scientific information with current 
beliefs. Within the essay responses, student levels of understanding mapped onto stages 
ranging from a clear understanding of the biology model to naive and poorly formed 
scientific understanding. Students more often responded with incorrect responses on 
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the m-c portion of the question but with adequate scores for the open-response 
explanation. Put another way, students showed evidence of understanding the problem 
despite the wrong m-c selection. Also, fewer students were getting the m-c correct 
despite their poor explanations. Student responses fell into following five broad 
categories shown in Figure 4.8. 
The ATP-digestive item #1 showed varying proportions of students getting m-c 
and related open-response correct. In other words, different proportions of students 
were scoring similarly on the m-c and open explanations of the same question. This is 
further demonstrated by the poor correlation between the m-c and open-response scores. 
In essence, these correlations close to zero suggested lack of equivalence in the student 
scores on m-c and open explanations. Case examples of this phenomenon, presented in 
the qualitative analyses highlight the ways students were categorically answering the 
open-response questions. 
Student answers could be categorized in the following ways. 
• Incorrect multiple-choice responses followed by good essay responses 
• Poor reading comprehension—gets the meaning of how the enzyme causes the 
cAMP to increase, which in turn increases fat metabolism. 
• Simplification of the cause and effect in the complex model 
• Knowing that metabolism increases and derives a written response based on prior 
knowledge rather than model presented in the stem. 
• Written responses which reflect a poor understanding despite getting the correct 
m-c. 
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4.5.2 Student Response Categories 
In the ATP-digestive questions #1, the scientifically correct multiple-choice 
answer is A. In order for students to choose this answer, they must recognize an 
inability to gain weight. The explanation that follows should show some student 
understanding that if the phosphodiesterase has less activity, it will lead to elevated 
levels of AMP because it is not being converted into cAMP. Elevated DAMP will 
increase metabolism of fat in the fat cell and therefore there is an inability to store fat or 
gain weight. 
In the ATP-digestive question #2, the student’s explanation should indicate an 
understanding that when A G protein stuck in the active from activates adenylcyclas, 
this leads to an increase in AMP in the intestinal cells. This leads to a secretion of large 
amounts of water into the intestine. This is diarrhea. Depending on how well the 
students included the accepted sequence of events, they were scored accordingly. 
Examples of student responses and scoring follow. (Please refer to scoring 
rubric in the methodogy section of this paper). Incorrect multiple-choice responses 
were followed by good essay responses (score=2 or 3 depending on depth of answer. 
• If there is a defect in the gene then you will not be able to lose weight. 
• Because the individual metabolism of fat will greatly decrease. 
• Process controlled by phosphodiesterase would be slowed thus individual 
would have rate of contraction slowed and in turn a lower metabolism. 
• Because the enzyme only has one-tenth its normal rate of activity. 
Therefore, it would take a long time for this person to gain weight. 
• Metabolism will slow. 
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• This person wouldn't be able to turn their fat into energy as quickly, so 
they wouldn't be able to lose weight. The deficient enzyme would 
decrease this person's metabolism by 10%. 
• The person would lose cAMP and have an increase in AMP. cAMP 
increases the rate of metabolism of fat, so AMP would decrease the rate, 
causing the person to gain weight, or inability to lose it. 
Poor reading comprehension--gets the meaning of how the enzyme causes the cAMP to 
increase, which in turn increases fat metabolism (score=l). 
• It said in the description that cAMP increase the rate of metabolism in fat 
cells, thus with the cAMP being at one tenth of normal strength the person 
is bound to gain weight. 
• Since in fat cells elevated cAMP increases the rate of metabolism of fat, if 
there was a defect in the gene, then, the fat would not bum as quickly 
because of a slower metabolism. 
Because if cAMP increases the rate of metabolism fat to produce energy then if you 
have a mutation, then your metabolism would be slower therefore a gain of weight 
would occur because your metabolism has been slowed down. 
The student simplifies the cause and effect in the complex model (score=2). 
• M-C incorrect. If cAMP is mutated/defected, then your metabolism and 
ability to bum fat decreases making it harder for you to lose weight. 
• M-C incorrect. Because the body can't bum fat as much if it loses one- 
tenth of its normal activity. The fat will just keep accumulating in the 
body instead of losing it. 
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• M-C incorrect. If the enzyme only has one-tenth of its normal rate of 
activity, it means that it cannot perform at its normal rate and bum calories 
faster. Therefore, a person with this wouldn't be able to lose weight as 
easily as someone with a normal gene for this. 
• Elevated levels of cAMP increase the rate of fat production, (student spin¬ 
off on... elevated cAMP increases the rate of metabolism of fat) 
• If the enzyme has a slower than normal rate it will decrease the rate of 
metabolism of fat to produce energy, (enzyme slows therefore the 
metabolism slows) 
The student knows that metabolism increases and derives a written 
response based on prior knowledge rather than model presented in the stem 
(score=l or 2). 
• The person would always have an elevated level of adrenaline and 
therefore would always have his muscles pumping and his fat cells 
burning. His metabolism would be higher. 
• If cAMP levels are increased then metabolism also increases. If 
metabolism increases then you bum more calories thus lose weight. If 
your metabolism does not increase as much then you will not bum as many 
calories and it were harder to lose weight. 
• If there is little cAMP then fat cells will have a slow metabolism. 
Therefore the person can gain weight easily and the person will not have 
much energy so they won't want to exercise. 
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Written responses reflect a poor understanding(score=0 or 1) despite getting the 
correct M-C. 
• Correct M-C response but states: I really don't understand this question, so 
I can't explain the answer. I'm so sorry. 
• Without the gene for phosphodiesterase, the cAMP would not be removed; 
therefore, metabolism would continue to take place. 
4.5.3 Summary on Qualitative Results 
Whether student answered correctly or incorrectly on the m-c portions of the 
mitochondria questions, their open-explanations did not always coincide with the m-c 
selection. Students with poorly understood models might explain verbatim what 
happens in the basic scenario but falter in explaining a variation on the model. Less 
often, students answered the basic model incorrectly but were later able to reason 
correctly with more complicated variations to the same model. 
The results on the crosstab tables provided some indication of student 
inconsistencies. 
Empirical data taken from student responses on a mutiple-choice and short-essay 
explanation show patterns that indicate item response patterns based on two features: 
1. Response differences with respect to type of test item prompt and 
2. Levels of conceptual understanding bearing resemblance to naive impressions on up to 
strong statements of clear understanding. Many on the poor open explanation scores 
related to a student’s reliance on early conceptions that differ from finalized model- 
based constructions. 
106 
Table 4.1 
Descriptive Statistics 
Test item N Min Max Mean Standard 
deviation 
ESSAY1 176 0 3 1.15 .96 
ESSAY2 176 0 3 1.55 .81 
R1 176 0 1 .33 .47 
R2 176 0 1 .49 .50 
R3 176 0 1 .53 .50 
R4 176 0 1 .65 .48 
R5 176 0 1 .68 .47 
R6 176 0 1 .83 .38 
R7 176 0 1 .81 .39 
R8 176 0 1 .84 .37 
R9 176 0 1 .54 .50 
RIO 176 0 1 .70 .46 
Rll 176 0 1 .61 .49 
R12 176 0 1 .64 .48 
R13 176 0 1 .62 .49 
R14 176 0 1 .70 .46 
R15 176 0 1 .51 .50 
R16 176 0 1 .52 .50 
R17 176 0 1 .68 .47 
R18 176 0 1 .80 .40 
R19 176 0 1 .63 .49 
R20 176 0 1 .69 .46 
R21 176 0 1 .95 .22 
R22 176 0 1 .88 .33 
R23 176 0 1 .81 .39 
R24 176 0 1 .89 .32 
R25 176 0 1 .76 .43 
R26 176 0 1 .55 .50 
R27 176 0 1 .89 .32 
R28 176 0 1 .60 .49 
R29 176 0 1 .81 .39 
R30 176 0 1 .88 .33 
R31 176 0 1 .85 .36 
R32 176 0 1 .69 .46 
R33 176 0 1 .64 .48 
R34 176 0 1 .59 .49 
R35 176 0 1 .63 .48 
Continued, next page. 
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Table 4.1, cont’d.: 
Test item N Min Max Mean Standard 
deviation 
R36 176 0 1 .62 .49 
R37 176 0 1 .70 .46 
R38 176 0 1 .73 .44 
R39 176 0 1 .67 .47 
PLANTMC 175 .00 1.00 .5486 .4991 
COEXPER 175 .00 3.00 1.3314 .5295 
MITOMC 165 .00 1.00 .7102 .6227 
GRADEXPL 176 .00 3.00 1.6000 .4550 
ATPMC 175 .00 1.00 .2126 1.1381 
HYDEXPL 174 .00 3.00 1.2343 .4104 
MCLOSEWT 173 .00 1.00 .7514 .9223 
WTGAIN 176 .00 3.00 .3523 .4790 
DIAREXPL 174 .00 3.00 .8563 .9041 
GRPHMC 175 .00 1.00 .6000 .5252 
GRAPHEX 174 .00 3.00 1.3736 .7854 
N of Cases (essay) = 
N of Cases (m-c) = 
N of Cases (hybrid) = 
Table 4.2 
Reliability Coefficients 
176.0 N of Items 
176.0 N of Items 
159.0 N of Items 
= 2 Alpha = .5753 
= 39 Alpha = .8529 
= 11 Alpha = .6435 
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Table 4.3 
% CORRECT on each multiple-choice item 
Percent Frequency Percent Valid Cumulative 
Correct Percent Percent 
.33 1 1.3 2.6 2.6 
.49 1 1.3 2.6 5.1 
.51 1 1.3 2.6 7.7 
.52 1 1.3 2.6 10.3 
.53 1 1.3 2.6 12.8 
.54 1 1.3 2.6 15.4 
.55 1 1.3 2.6 17.9 
.59 1 1.3 2.6 20.5 
.60 1 1.3 2.6 23.1 
.61 1 1.3 2.6 25.6 
.62 2 2.6 5.1 30.8 
.63 2 2.6 5.1 35.9 
.64 2 2.6 5.1 41.0 
.65 1 1.3 2.6 43.6 
.67 1 1.3 2.6 46.2 
.68 2 2.6 5.1 51.3 
.69 2 2.6 5.1 56.4 
.70 3 3.8 7.7 64.1 
.73 1 1.3 2.6 66.7 
.76 1 1.3 2.6 69.2 
.80 1 1.3 2.6 71.8 
.81 3 3.8 7.7 79.5 
.83 1 1.3 2.6 82.1 
.84 1 1.3 2.6 84.6 
.85 1 1.3 2.6 87.2 
.88 2 2.6 5.1 92.3 
.89 2 2.6 5.1 97.4 
.95 1 1.3 2.6 100.0 
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Table 4.4 
Frequency and Descriptive Statistics on 
Correlation Values of All Test Items 
Item 
correl 
Frequency Percent Valid 
Percent 
Cumulate 
Percent 
-.22 2 .1 .1 .1 
-.21 1 .1 .1 .2 
-.20 2 .1 .1 .4 
-.19 1 .1 .1 .4 
-.18 3 .2 .2 .7 
-.17 6 .4 .4 1.1 
-.16 1 .1 .1 1.2 
-.15 3 .2 .2 1.4 
-.14 8 .6 .6 2.0 
-.13 11 .8 .8 2.8 
-.12 10 .7 .7 3.5 
-.11 13 .9 .9 4.4 
-.10 13 .9 .9 5.4 
-.09 16 1.2 1.2 6.5 
-.08 25 1.8 1.8 8.3 
-.07 21 1.5 1.5 9.9 
-.06 24 1.7 1.7 11.6 
-.05 23 1.7 1.7 13.3 
-.04 37 2.7 2.7 16.0 
-.03 35 2.5 2.5 18.5 
-.02 42 3.0 3.0 21.6 
-.01 43 3.1 3.1 24.7 
.00 55 4.0 4.0 28.7 
.01 53 3.8 3.8 32.5 
.02 54 3.9 3.9 36.4 
.03 42 3.0 3.0 39.5 
.04 36 2.6 2.6 42.1 
.05 50 3.6 3.6 45.7 
.06 46 3.3 3.3 49.1 
.07 42 3.0 3.0 52.1 
.08 43 3.1 3.1 55.2 
.09 34 2.5 2.5 57.7 
.10 43 3.1 3.1 60.8 
.11 35 2.5 2.5 63.4 
Continued, next page. 
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Table 4.4, cont’d.: 
Item 
correl 
Frequency Percent Valid 
Percent 
Cumulative 
Percent 
.12 26 1.9 1.9 65.2 
.13 20 1.5 1.5 66.7 
.14 27 2.0 2.0 68.7 
.15 22 1.6 1.6 70.2 
.16 32 2.3 2.3 72.6 
.17 42 3.0 3.0 75.6 
.18 32 2.3 2.3 77.9 
.19 17 1.2 1.2 79.2 
.20 37 2.7 2.7 81.9 
.21 13 .9 .9 82.8 
.22 23 1.7 1.7 84.5 
.23 11 .8 .8 85.3 
.24 14 1.0 1.0 86.3 
.25 21 1.5 1.5 87.8 
.26 16 1.2 1.2 89.0 
.27 11 .8 .8 89.8 
.28 7 .5 .5 90.3 
.29 8 .6 .6 90.9 
.30 14 1.0 1.0 91.9 
.31 6 .4 .4 92.3 
.32 7 .5 .5 92.8 
.33 5 .4 .4 93.2 
.34 3 .2 .2 93.4 
.35 6 .4 .4 93.8 
.36 3 .2 .2 94.0 
.37 7 .5 .5 94.6 
.38 7 .5 .5 95.1 
.39 1 .1 .1 95.1 
.40 3 .2 .2 95.4 
.41 2 .1 .1 95.5 
.43 1 .1 .1 95.6 
.44 1 .1 .1 95.6 
.45 2 .1 .1 95.8 
.47 1 .1 .1 95.9 
.48 1 .1 .1 95.9 
.53 1 .1 .1 96.0 
.64 1 .1 .1 96.1 
Continued, next page. 
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Table 4.4, cont’d.: 
Item 
correl 
Frequency Percent Valid 
Percent 
Cumulative 
Percent 
.86 1 .1 .1 96.2 
.87 1 .1 .1 96.2 
1.00 
Total 
52 
1378 
3.8 
100.0 
3.8 
100.0 
100.0 
ALLCORR 
-.18 -.10 -.02 .06 .14 .22 .30 .38 .48 
ALLCORR 
Statistics on correlation values 
N=1378 
Median = .0070 
Mean = .1141 
Mode = .0000 
Standard error of mean = .0058 
Standard deviation = .0461 
Figure 4.1 Statistics on Correlation Values 
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Table 4.5 
Summary of Principal Axis Results for Three Testing Formats 
Component/ 
Factor X % VAF Cum % VAF 
1 6.92 13.83 
00
 
rn
 
2 3.05 6.098 19.9 
3 2.76 5.51 25.44 
4 2.24 4.48 29.92 
Scree Plot 
Factor Number 
Figure 4.2 Scree Plot 
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Table 4.6 
Factor Load Matrix 
Variable 
Factor Loadings 
12 3 4 
Essay 1 
Essay 2 
MC 1 
MC 2 
.772* 
.706* 
.724* 
.722* 
MC 3 .365 
MC 4 
MC 5 
.655* 
.610* 
MC 6 
MC 7 
MC 8 
MC 9 
MC10 
MC11 
MC12 
MC13 
MC14 
MC15 
MC16 
MC17 
MC18 
MC19 
MC20 
.519 
.315 
.476 
.392 
.478 
.310 
.473 
.357 
.409 
.571 
.449 
.557 
.346 
MC21 .324* -.305* 
MC22 
MC23 
.399 
.469 
MC24 -.368* 
MC25 
MC26 
MC27 
MC28 
MC29 
MC30 
.446 
.410 
Continued, next page. 
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Table 4.6, cont’d.: 
Factor Loadings 
Variable 1 2 3 
MC30 
MC31 .439 
MC32 .508 
MC33 .552 
MC34 .346 
MC35 .475 
MC36 .503 
MC37 
MC38 .471 
MC39 
Hyb MC exper .342 
Hyb Open exper .572 
Hyb MC mitoch .525 
Hyb Open mitoch .489 
Hyb MC atp .703 
Hyb Open atp .470 
Hyb MC weight .622 
Hyb Open weight 
Hyb Open weight .641 
Hyb MC graph 
Hyb Open expl .396 
Hyb Open graph 1 
Hyb Open graph 2 .355 
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Table 4.7 
Controlled Experiment Crosstab 
Open-response score on Controlled experiment 
0 1 2 3 total 
Multiple-choice Score=0 2 65 11 0 78 
Score=l 1 47 46 2 96 
Total 3 112 57 2 175 
- 
Controlled experiment 
Figure 4.3 Controlled Experiment 
Table 4.8 
ATP1 Crosstab 
Open-response score on ATP1 - Gradient model 
0 1 2 3 total 
Multiple-choice Score=0 17 25 3 44 
Score=l 7 40 71 3 121 
Total 57 96 5 165 
ATP1-gradient model 
Student scores 
Figure 4.4 ATP 1-Gradient Model 
Table 4.9 
ATP2 Crosstab 
Open-response score on ATP2 - Gradient-hydrogen model 
0 1 2 3 total 
Multiple-choice Score=0 55 33 26 22 136 
Score=l 8 8 9 12 37 
Total 63 41 35 34 173 
ATP2-gradient-hydrogen model 
160 
Figure 4.5 ATP2-Gradient-Hydrogen Model 
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Table 4.10 
ATP-Digestive 1 Crosstab 
Open-response score on ATP-digestive question #1 
0 1 2 total 
Multiple-choice Score=0 111 10 8 129 
Score=T 16 10 141 167 
Total 127 20 149 296 
ATP-digestive question #1 
Student scores 
Figure 4.6 ATP-Digestive Question #1 
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Table 4.11 
ATP-Digestive 2 Crosstab 
Open-response score on ATP-digestive question #2 
0 1 2 total 
Multiple-choice Score=0 37 19 73 129 
Score=l 19 14 134 167 
Total 56 33 207 296 
ATP-digestive question #2 
Student scores 
Figure 4.7 ATP-Digestive Question #2 
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Table 4.12 
Paired Samples Correlations 
Paired Item Correlation 
(incorrect/correct) 
Sig. T 
Plant .863 .059 -.800 
ATP1 .993 .001 -2.180 
ATP2 .931 .021 2.460 
ATPD1 .362 .549 -0.414 
ATPD2 .952 .013 -1.030 
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Table 4.13 
Models 1-3 Regression 
Model 1 
Dependent variable: SATV 
Independent predictors: total scores on multiple-choice XI 
Y=p0 + piXl + e 
Model 2 
Dependent variable: SATV 
Independent predictors: total scores on multiple-choice XI, essay X2 
Y=p0 + PiXl + p2X2 + e 
Model 3 
Dependent variable: SATV 
Independent predictors: total scores on multiple-choice XI, essay X2, and 
hybrid X3. 
Y=p0 + PiXl + p2X2 + p3X3 + e 
Regression 
Model R R square Adj R square Std Err 
1 .064 .004 -.002 94.98 
2 .119 .014 .001 94.81 
3 .110 .012 -.008 94.30 
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Table 4.14 
Models 4-6 Regression 
Model 4 
Dependent variable: SATM 
Independent predictors: total scores on multiple-choice XI 
Y=p0 + PiXl + e 
Model 5 
Dependent variable: SATM 
Independent predictors: total scores on multiple-choice XI, essay X2 
Y=p0 + PiXl + p2X2 + e 
Model 6 
Dependent variable: SATM 
Independent predictors: total scores on multiple-choice XI, essay X2, and 
hybrid X3. 
Y=p0 + PiXl + p2X2 + p3X3 e 
Regression 
Model R R square Adj R square Std Err 
4 .013 .000 -.006 85.65 
5 .041 .002 -.011 85.86 
6 .039 .002 -.019 85.59 
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Table 4.15 
Models 7-9 Regression 
Model 7 
Dependent variable: high school GPA 
Independent predictors: total scores on multiple-choice XI 
Y=Po + piXl + e 
Model 8 
Dependent variable: high school GPA 
Independent predictors: total scores on multiple-choice XI, essay X2 
Y=p0 + piXl + p2X2 + e 
Model 9 
Dependent variable: high school GPA 
Independent predictors: total scores on multiple-choice XI, essay X2, and 
hybrid X3. 
Y=p0 + PiXl + p2X2 + p3X3 e 
Regression 
Model R R square Adj R square Std Err 
7 .073 .005 1 b
 
o
 
.4781 
8 .078 .006 -.007 .4795 
9 .093 .009 -.012 .4802 
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• Incorrect multiple-choice responses followed by 
good essay responses 
• Poor reading comprehension - understands the 
meaning of how the enzyme causes the camp to 
increase, which in turn increases fat metabolism 
but incorrectly reads the initial multiple choice 
question and therefore responds incorrectly. 
• Simplification of the cause and effect in the 
complex model 
• Knowing that metabolism increases and derives 
a written response based on prior knowledge 
rather than model presented in the stem. 
• Written responses which reflect a poor 
understanding despite getting the correct m-c 
Figure 4.8 Summary of Student Responses 
Table 4.7 Of the 100 correct m-c, half scored fair and half score poorly. 
None had good scores on the open explanations. 
Table 4.8 No matter if the m-c was correct or incorrect, the same relative 
proportions of students received fair and good scores on the open 
explanations. 
Table 4.9 No matter if the m-c was correct or incorrect, the same relative 
proportions of students received fair and good scores on the open 
explanations. 
Table 4.10 An appropriate balance of open explanation scores relative to a 
correct or incorrect m-c answer. 
Table 4.11 Despite getting an incorrect m-c, more that half had good scores on 
the open explanation. 
Figure 4.9 Crosstab Tables Results 
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CHAPTER 5 
DISCUSSION AND FURTHER WORK 
5.1 Discussion 
We tested biology students on observable scientific thinking skills to determine 
the effectiveness in understanding what student know with respect to reasoning with 
complex biological models, designing controlled experiments, understanding graphical 
representation of scientific relations. Did evaluative procedures such as m-c, essay, or 
some combination of the two infer different conclusions about the students’ levels of 
knowledge in the mentioned areas? 
With respect to testing formats, students performed differently on the biology 
tests of scientific thinking. Both the qualitative results on the hybrid test items and the 
factor analyses showed differences in how students respond in the m-c and open 
explanation prompts. Less clear were the regression results in which the addition of 
student tests of varying formats did not add to the predictive quality in the select 
dependent variables—High School GPA, SAT-V and SAT-M. This inconsistency 
makes the results somewhat unclear. 
Differences not withstanding, the complex nature of student learning must work 
in coordination with carefully developed assessment tools. To this end, we must 
recognize the value of student writings to understand what they know. It was evident 
that students do not give the full breadth of their understanding when confronted with a 
single test whether m-c or open-response. Complex scientific reasoning needs to rely 
on multiple measures—particularly student generated measures of complex scientific 
understanding. 
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Stepping out of the education context but in a related problem-solving scenario, 
medical intervention relies on multiple measures to diagnose and treat patients. A 
single measure such as blood pressure provides little information, but when taken in 
combination with heart rate and cholesterol levels can identify body changes and a 
course of action. In a similar way written assessment is one guide to our understanding 
of how students learn scientific thinking and ultimately reports effectiveness of the 
biology course intervention to improve learning. Student results on tests of different 
formats showed inconsistent patterns on how they perform when confronted with 
complex question in a variety of testing format. This suggests that more work is needed 
in the area complex scientific reasoning assessment. Teaching continues to place value 
on higher-order order skills and describing those gains irrespective of testing format is 
paramount to the continuation of this work. Within this study, it was hoped the biology 
teachers would take into consideration the effectiveness in using student generated 
responses on assessments to guide the understanding of what they know. The 
discrepancies highlighted in the results of the hybrid tests indicate the need to include 
open-explanation for at least some test items. In particular, students responding 
incorrectly on the ATP2 question (model change in the mitochondrion) produced open- 
explanation responses worthy of partial credit that is not made visible in m-c scoring. 
Those limitations prevent the clear understanding of what the student knows. More 
preferable are tests that require students to generate responses rather than choosing 
selections. The feasibility of how this can be accomplished in large class sizes during a 
time of fiscal problems makes for a very challenging task, yet these tests could better 
guide our students in demonstrating equal facility in a variety of assessments. The 
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theoretical and practical understanding derived from the results of this study would be 
relevant to all science educators in the future of high order scientific thinking 
assessments. Moreover, the concerted efforts in this area will provide needed 
justification for the advancement college science programs seeking to raise scientific 
thinking skills. 
5.1.1 Testing Inconsistencies 
The results in chapter 4 indicate mixed findings on whether differences are 
found in biology-specific tests of scientific reasoning. We see repeated instances of 
poor correlations amongst all items and inconsistent patterns of student responses 
relative to correct and incorrect m-c answers. Specifically, students get the m-c portion 
of the hybrid incorrect yet are able to explain an answer adequately. On the other hand, 
students get the m-c correct and provide some instances of poor explanation. This 
inconsistency has been on occasion demonstrated to the biology instructors on 
individual basis. 
5.1.2 Crosstab 
Crosstab frequencies showed relative score differences in the m-c and open- 
explanations. These values representing scores differences in the m-c and open- 
explanations of the hybrid test questions were more informative. The results show 
varying proportions of students getting m-c and related open explanation correct. In the 
qualitative analyses on ATP-digestive questions #1 and #2, students are given the 
opportunity to explain their multiple-choice selection and we find a full range of 
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explanations from the poorest explanation—often containing ideas stemming from 
personal experiences with no or little regard for the text that precedes the questions, to 
the other extreme in which students were able to produce well-developed, answers that 
provided evidence of reasoning with the model. 
5.1.3 Factor Analysis and Regression 
The factor analysis using SPSS derived correlations revealed a predominance of 
three factors—m-c, essay, and hybrid. The regressions were less clear. We had used r- 
squared values to determine the fit of our proposed model of format differences. The r- 
squared is a squared correlation, which expresses the accuracy of the independent test 
measures as predictors of some given measure. In our case, we used SAT-M and SAT- 
V scores in addition to high school GPA. Our test scores taken in a hierarchical manner 
produced very small r-squared values. Poor predictive accuracy as measured by r- 
squared results stems from a weak relationship between the criterion and the predictors. 
This was not surprising given our prior results indicating no correlation between final 
course grade and scores on the tests of the present study. Other sources of variation 
could include: two-week testing interval, student motivation to perform well (only the 
m-c test score counted towards their final semester grade), and lack of true score 
variability was present. That is, while the scoring of all the open explanation ranged 
from 0 to 3, students typically received a 1 or 2. Missing or nonsense answers were 
scored 0 and expert-like answers received a 3. This lessened the chance for variability 
and hence lower correlations. For many of the reasons already stated, our regression 
models did not distinguish format differences. 
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5.1.4 Possible Future Protocol Analysis 
With a closer look at the items identified in the ATP questions, categories of 
student responses emerged. This suggests that a protocol analysis (with students 
explaining their responses as they solve a problem) would provide a wealth of 
descriptive information. Detailed characterization of students who produces a correct 
answer with no understanding or explanation is possible extension. Likewise, other 
students present reasonable but incorrect solutions. Sometimes, given some degree of 
familiarity with the topic solutions, students present unique solutions. 
Students make erasures in the m-c selection [correct to incorrect or vice-versa] 
in the hybrid test question pertaining to the effect of camp on the ability to gain weight 
were present in the data. This action perhaps stems from confusion around the term 
inability to gain or lose weight. Given the opportunity to select an answer from the 
multiple-choice selection resulted in a misread or sometimes over-read of the 
statements. What is perhaps most interesting are cases where these students continue by 
correctly explaining a wrong multiple-choice selection. Clearly the development of the 
test questions along with the clearness of its presentation is necessary to avoid such 
pitfalls in test taking. 
In other instances, students defend incorrect m-c selections on a combined basis 
of misinterpreting the question or prior knowledge of the subject. All this becomes 
more apparent in the reading of the open-response portions of the student surveys. 
Student explanations appeared to rely on information not provided in the text of the 
question, either prior knowledge or life experiences. It was expected, however, that 
student would base their scientific reasoning only on the information given in the 
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question stem. Some students relied instead on picking sentences from the paragraph 
on cAMP to answer the questions similar to students’ reliance on certain words in 
multiple-choice distractors to select the answer rather than on an understanding of 
which answer is correct. This suggests that without probing the student’s processes, 
limitations as to what exactly they were thinking upon answering the question exist, 
even with an open-ended response. Unbeknownst to the teacher, the students could rely 
solely on picking out key words in the question to “reason” about the biological model 
without any distinct scientific basis. This indeed suggests that a major component of 
complex thinking is this aspect of reading comprehension and test taking skills. 
Case examples of this phenomenon are presented in the qualitative analyses in 
Chapter 4. These examples certainly highlight those students who show inconsistency 
with m-c and open responses. This was particularly evident in the cAMP question as it 
relates to ATP processes. Because students often rely on prior knowledge of weight 
reduction-gain, we see evidence of students either second-guessing the problem or 
telling all they knew about weight control on the open forms of the item. In fact, many 
who got the incorrect m-c answer were able to adequately explain the influence of 
cAMP. To go along with this, student responses on the open questions reveal poor 
understanding despite correct m-c selections. 
The results of the present work add to the mixed results often found in the 
literature. This paper distinguishes itself in that the test items studied focused on 
biology specific skill of scientific thinking. Little has been shown in this area and 
therefore corroboration of this work is needed. Suggestions for further work follow. 
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5.2 Further Work 
Substantial implications fall on a study on test format differences. As with any 
single study of this nature, further replications of the work is needed. Those wishing to 
pursue this endeavor should note that what is needed extends further than a duplicate 
version of this study. As mentioned in the results, work that takes a closer look at 
student thinking processes as they solve scientific problems is worthwhile. We might 
carry out a protocol analyses with both content-laden and general items of scientific 
reasoning. Students would be asked to explain out loud their reasoning as they first 
pick the m-c selection and then explain. A preferable method for this extraction of 
student understanding would come from minimal direction on the part of any 
interviewer and might include a videotape version to be later analyzed. 
Providing some basis for understanding why students give wrong answers was 
at the heart of this study. Why did students engaged in well-sequenced “model 
construction and criticism cycles of model-based learning (Buckley, 2000; Clement, 
1989) fail to show adequate understanding on both multiple-choice and essay tests? An 
effort must be made to bridge the process with clear markers of understanding. 
Mismatches in multiple-choice and essay tests are revealed here suggest more work is 
needed in the area of getting students to exhibit their best understanding in multiple 
forms of assessment. 
Further work not withstanding, this study suggests the clear potential strength of 
essay tests in capturing what students know with respect to complex model reasoning. 
With the age of information at our easy disposal, students are exposed to many 
scientific theories—some more established than others. The skills we ought to be 
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encouraging in the biology classroom should not only include task-on approaches to 
learning, but also several cycles of student generation-evaluation-modification with 
teacher encouragement in the subject matter. 
In this way, students can apply biological models to novel situations in various 
test formats. Teachers already have the task of presenting material in various forms to 
best accommodate student needs. It then becomes a necessary task for the students to 
do the same. That is, they must be adept enough with the concepts in order to 
demonstrate facility in any evaluation whether multiple-choice or essay. Indeed, further 
demonstration by way of oral explanation with ongoing questions can provide added 
constructive benefit. 
The present research offers us directions to follow for the biology instructors. 
The work to assess student writings was not as formidable as it would appear. Unlike 
m-c tests, short essay tests given throughout the semester might encourage student’s to 
explain biology concepts. Given the inconsistency of student responses taken from the 
hybrid forms along with anecdotal comments from the professors, students should be 
asked to responds to variety of test formats. 
To that end, I would encourage further studies of this nature to try variations on 
content and non-content based test questions in an effort to distinguish differences. The 
next challenge is to devise ways that open-ended response questions can be used more 
extensively in large lecture classes. This is currently under study in the next phase of 
this research. 
Further work in other science disciplines with different teachers is also 
suggested. 
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APPENDIX A 
FALL 2001 BIOLOGY 100 DEMOGRAPHICS 
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Female = 67%; Male = 33% 
Honor students = 17.4% 
Min Max Meann STD 
Verbal SAT 270 800 500.86 90.24 
Math SAT 300 800 566.58 86.33 
High School GPA 1.9 4.6 3.4522 .4716 
Ethnicity 
American Indian/Alaskan Native = 6.1% 
Asian Pacific Islander = 8.8% 
Black Non-Hispanic = 6.3% 
Cape Verdean = .6% 
Does not wish to report = 6% 
Non-resident alien = 2.2% 
Spanish Surname = 3.7% 
White non-Hispanic = 70.9% 
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APPENDIX B 
CORRELATION MATRIX OF ALL TEST ITEMS 
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essl 
ess2 
rl 
r2 
r3 
r4 
r5 
r6 
r7 
r8 
r9 
rlO 
rl 1 
1.00 .41 .86 .38 .06 -.02 .17 -.04 
-.02 .00 .02 
.03 .01 .08 .11 -.02 .07 -.03 -.05 -.02 .01 -.08 
-.04 .00 .00 -.04 .18 -.04 -.02 -.10 .06 .00 -.02 
.17 .07 -.17 .00 .07 -.03 .11 .08 -.06 .04 -.01 
.01 .00 .07 .02 -.11 .05 .07 .03 
1.00 .35 .87 .00 .01 .06 -.01 -.07 -.08 .05 
-.04 -.09 -.02 .03 -.06 .11 .05 -.05 .01 -.10 -.11 
-.13 .01 -.03 -.11 .12 -.14 -.11 -.11 .06 -.05 -.04 
.05 .05 -.03 .10 .01 .08 .01 .00 -.03 .07 
-.01 
-.01 .02 -.01 -.07 .00 .09 .12 .12 
1.00 .35 .02 -.02 .17 -.04 .03 .05 .02 
.08 .04 .15 .12 .06 .11 .02 -.01 .06 -.03 -.03 
.05 .03 .09 -.05 .17 -.02 -.02 -.04 .06 .03 -.04 
.16 .07 -.13 .01 .05 -.04 .07 .08 -.09 .00 -.02 
.07 .02 .02 -.02 -.04 .07 .06 .02 
. 1.00 .00 .04 .08 -.01 -.08 -.06 .04 
-.06 -.01 .07 .10 -.05 .06 -.01 -.06 .02 -.09 -.11 
-.08 .04 -.05 -.08 .15 -.09 -.08 -.12 .03 -.06 .01 
.07 .04 -.04 .09 .02 .02 .08 .03 -.04 .05 .08 
.00 .04 -.03 -.09 -.01 .09 .17 .13 
1.00 .37 .32 .27 .13 .20 .01 
.02 .18 -.06 .17 .16 .06 .10 .34 .20 .19 -.09 
.04 .18 .19 -.05 .12 .04 .06 .14 -.07 .11 .17 
.03 .25 .06 .21 .37 .11 .26 -.05 .06 .12 .05 
.03 -.02 -.19 -.08 -.05 .01 .00 .01 
1.00 .45 .43 .26 .38 .14 
.05 .32 .05 .15 .22 .24 .23 .45 .25 .40 .27 
.16 .21 .35 .04 .29 .10 .08 .25 .26 .25 .22 
.23 .38 .22 .33 .34 .20 .37 .02 -.14 .04 .06 
.01 .05 -.15 -.06 .01 .02 -.10 .01 
1.00 .31 .20 .29 .13 
.25 .40 .13 .18 .16 .23 .24 .37 .26 .38 .10 
.12 .31 .20 .10 .25 .01 .18 .13 .27 .20 .25 
.25 .33 .10 .16 .24 .11 .30 .07 -.13 .05 -.02 
-.03 .00 -.04 -.05 -.01 .05 .03 .02 
1.00 .13 .17 .01 
.14 .41 .01 .09 .20 .16 .32 .37 .14 .30 .16 
.10 .16 .05 .08 .17 .10 .08 .27 .09 .11 .39 
.22 .20 .08 .22 .30 .03 .14 -.06 -.14 -.04 .08 
.11 -.02 -.17 -.03 -.01 -.08 -.18 .07 
. . . 1.00 .30 .17 
.04 .09 .04 .20 .26 .17 .03 .20 .30 .17 .25 
.22 .00 .10 .06 .14 .06 .01 .08 .10 .05 .08 
.12 .28 .19 -.01 .13 .10 .10 .16 .00 .02 .01 
-.02 .11 .00 .04 -.01 .11 -.04 -.10 
. . . . 1.00 .02 
.12 .05 .02 .26 .34 .11 .15 .22 .19 .26 .20 
.24 .17 .22 .18 .36 .03 -.01 .17 .10 .03 .24 
.33 .37 .07 .17 .22 .04 .32 .08 -.04 -.02 .05 
.02 .03 -.03 .06 .07 .15 .01 .05 
. 1.00 
.03 .05 .02 .06 -.01 .11 .07 .05 .15 .09 .00 
-.01 -.02 .08 -.01 -.17 .07 .06 .05 .11 -.02 -.08 
-.01 .12 .07 -.05 .03 .16 .09 .18 .05 .05 -.07 
-.01 -.02 .06 -.03 .06 .02 -.04 -.07 
1.00 .22 .14 .17 .17 .18 .20 .17 .20 .17 .06 
.13 .22 .26 .32 .10 -.07 -.04 .10 .17 .03 .21 
.21 .22 .02 .18 .11 .12 .17 -.03 -.04 -.05 -.07 
.00 -.03 .09 .02 .11 -.03 -.02 .01 
1.00 -.02 .08 .21 .14 .20 .30 .11 .27 .20 
.13 .28 .12 .08 .12 .06 .19 .10 .24 .14 .30 
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rl2 
r!3 
r 14 
r 15 
rl6 
rl7 
r 18 
rl9 
r20 
r21 
r22 
r23 
r24 
r25 
.16 .25 .02 .08 .28 .18 .17 .11 -.06 -.01 .11 
.00 -.09 
-.13 -.11 .03 -.14 -.17 -.08 
1.00 .13 .05 .14 -.03 .00 .09 .03 -.03 
.20 .02 .04 .18 .08 .06 .03 .01 .13 .09 -.02 
.08 .04 .08 -.03 .05 .08 .09 -.04 
-.18 -.08 .07 
.05 -.01 -.05 -.10 .00 .00 .17 .08 
1.00 .13 .15 .10 .15 .16 .13 -.01 
-.02 .26 .11 .17 .12 .09 .06 .10 .20 .22 .03 
.29 .16 .07 
.16 .26 .05 .20 .01 -.12 -.12 .03 
-.05 -.07 -.12 -.09 .10 .05 .10 .14 
1.00 .14 .23 .19 .25 .16 .18 
.30 .26 .19 .19 .24 .05 .04 .09 .19 .06 .17 
.20 .16 .13 .14 .38 .06 .25 .01 -.08 .00 -.01 
.07 -.01 -.03 -.03 .07 .03 -.10 .00 
1.00 .23 .18 .20 .22 .11 
.13 .09 .22 .18 .06 .10 .04 .07 .25 .20 .05 
.17 .26 .22 .14 .11 .04 .17 .08 -.13 -.08 -.01 
-.13 -.11 -.13 -.01 -.01 .03 -.02 .00 
1.00 .32 .21 .24 .00 
.03 .21 .15 .08 .10 .01 -.10 .25 .21 .14 .16 
.23 .18 .12 .18 .30 .13 .26 -.05 -.08 .07 .04 
.08 .01 -.06 .06 -.07 .04 -.14 -.02 
1.00 .35 .35 .18 
.01 .31 .33 .02 .19 .16 .10 .23 .11 .20 .28 
.30 .38 .10 .31 .24 .22 .17 .01 -.04 .12 .15 
.07 .01 -.13 -.02 -.06 .01 .01 .05 
1.00 .16 .12 
.20 .12 .30 .22 .11 .07 .04 .01 .19 .12 .14 
.14 .21 .15 .22 .30 .10 .17 .09 -.12 -.01 .02 
.17 .20 -.01 .09 -.08 .20 -.07 -.06 
1.00 .20 
-.02 .11 .17 .20 .17 .16 .13 .30 .20 .19 .22 
.26 .35 .21 .28 .24 .05 .28 .06 -.09 .01 .08 
-.08 -.05 .00 .10 -.12 -.04 .01 .02 
1.00 
.18 -.02 .25 .03 .21 .11 .07 .01 .15 -.09 .20 
.06 .27 .15 .10 .11 .18 .07 .24 -.04 -.03 -.07 
-.02 -.07 -.11 -.06 -.08 -.17 -.14 -.09 
1.00 .15 .22 .24 .23 .00 .16 .02 .02 .15 .12 
.18 .15 .07 .09 .14 .07 .09 .00 -.21 -.10 -.09 
.14 .11 -.01 .02 .01 .05 -.08 .04 
1.00 .18 .09 .16 .05 .25 .16 .18 .19 .14 
28 .20 .01 .12 .18 .03 .37 -.15 -.02 -.01 .06 
00 -.02 -.07 -.07 .09 -.02 -.02 .08 
1.00 .15 .04 .03 -.03 .11 .18 .23 .20 
12 .25 .10 .27 .19 .19 .17 .10 -.03 .02 -.03 
01 .02 .00 .02 -.01 .08 -.04 .00 
1.00 .14 .07 -.13 00 .06 .03 .25 
11 .03 .14 .10 .16 .12 .19 .09 -.22 -.18 -.13 
09 .06 -.03 .02 .00 .08 .00 -.02 
1.00 00 .05 -.03 .14 .00 .17 
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i26 
\21 
r28 
r29 
r30 
r31 
r32 
r33 
r34 
r35 
r36 
r37 
r38 
r39 
.31 .36 .13 .29 .27 .07 .29 .09 -.22 .09 .06 
.08 .07 -.01 .07 
-.06 .04 .18 .17 
1.00 .10 -.01 .06 .05 .02 
.00 .03 .10 .06 -.03 .02 .07 .02 -.06 -.11 -.02 
.05 .05 -.20 -.09 .03 .06 .02 .02 
1.00 .03 .01 .25 .00 
-.01 .14 -.04 .06 .01 .04 .03 -.02 -.05 -.08 -.05 
.01 .02 .05 .00 .08 .08 .10 .09 
1.00 .17 .16 .07 
.25 .11 .00 .16 .09 -.01 .05 -.13 -.04 -.02 .07 
.01 -.04 -.03 .03 .07 .05 -.08 .05 
1.00 .18 .08 
.21 .10 .16 .21 .16 .13 .20 .00 -.09 .02 -.03 
-.02 .07 .00 .02 .02 .08 -.12 -.10 
1.00 -.01 
.17 .09 .16 .26 .18 .10 .09 -.07 -.05 -.01 .01 
-.04 -.03 . -.03 -.03 .05 .11 .02 .10 
1.00 
.26 .24 .13 .33 .12 .17 .17 .17 -.20 -.04 .03 
.11 .06 -.17 .00 -.12 .00 -.06 .01 
1.00 .31 .14 .22 .23 .15 .29 .10 -.10 .00 .06 
-.05 -.08 .02 .05 .01 -.02 .12 .07 
1.00 .17 .29 .27 .18 .27 .18 -.11 .01 -.09 
-.06 -.06 -.11 -.06 -.04 .02 .04 -.07 
. . 
1.00 .25 .18 .29 .18 .06 -.09 .09 -.06 
.00 .00 -.14 .03 .01 .08 -.07 .01 
• • 
1.00 .20 .11 .15 .04 -.15 .05 -.02 
.08 .05 -.10 .04 .02 .00 -.05 .12 
1.00 .00 .27 .10 ©
 
o
o
 
.10 .04 
.09 
• 
< ©
 
o
o
 
-.11 .06 
©
 
•
 
i
 
.05 -.07 .00 
• 
1.00 .19 .09 
o
o
 
p
 .10 -.03 
.02 .00 -.12 -.07 -.03 -.07 -.06 .02 
• 
1.00 .04 -.04 -.04 .06 
.04 .02 -.10 .01 -.01 .04 .03 -.04 
139 
plant 
coexp 
mi tom 
grade 
atpmc 
hydex 
mclos 
wtgai 
diare 
grphm 
graph 
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64 
.00 
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32 
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1.00 
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4 
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1.00 
1.00 
01 
05 
20 
24 
07 
09 
17 
01 .02 
15 
16 
20 
53 
1.00 
00 38 
00 
12 
2 
6 
.00 
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APPENDIX C 
MULTIPLE-CHOICE BIOLOGY 100 FINAL EXAM 
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Final Exam 
Biology 100 December 21, 2001 R. Phillis, S. Goodwin Instructors 
On your answer sheet, please record your name AND student ID number. 
FELL IN THE CORRESPONDING “BUBBLES” FOR THIS INFORMATION ON 
YOUR ANSWER SHEET. Read each question and ALL of the answers carefully. 
Select the best answer and record that answer on your answer sheet. 
1. Twitching in Tests (TWIT) is a rare genetic trait. When TWIT does appear, it can 
“skip a generation” and be present in grandparents, absent in their children, but present 
again in their grandchildren. This can be most easily explained if TWIT is.... 
a. dominant. 
b. recessive. 
2. When TWIT does occur, it is almost always is found in males. A female can only 
have TWIT if her father also has TWIT, though her mother may or may not have the trait. 
This pattern of inheritance is most easily interpreted if. 
a. the TWIT gene is on the X chromosome. 
b. the TWIT gene is on the Y chromosome. 
c. the TWIT gene is on chromosome 2. 
d. the TWIT gene is on chromosome 17. 
Genetic cases of “green teeth” are rarely observed, and can not be cured with proper 
dental hygiene. The green teeth phenotype is caused by a recessive mutation on the X 
chromosome. The green teeth mutation has an unfortunate interaction with the orange 
juice halitosis gene (OJH). OJH is recessive and the gene is found on chromosome 6. 
Individuals with OJH who drink orange juice but don’t brush their teeth develop dreadful 
bad breath. When OJH occurs in people who also have green teeth, it can cause 
debilitating nausea in individuals they encounter. 
For the next four questions, consider a case in which. 
a green toothed, OJH heterozygous woman marries a normal toothed, OJH heterozygous 
man. 
3. If they have a child, what is the chance that they will have a green toothed, OJH son? 
a. 1/16 
b. 1/8 
c. 1/4 
d. 1/2 
e. 0 
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4. If they have a child, what is the chance that they will have a green toothed OJH 
daughter? 
a. 1/16 
b. 1/8 
c. 1/4 
d. 1/2 
e. 0 
5. Is it possible for this couple to have a son with normal teeth? 
a. Yes 
b. No 
6. The green teeth gene and the OJH gene are linked. 
a. True 
b. False 
On chromosome 15 there are three genetic mapping markers, DS15-A (with alleles 1 and 
2), DS15-B (with alleles 3 and 4) and DS15-C (with alleles 5 and 6). 
Ten brothers are from a large family that carries a dominant mutation on chromosome 15 
that causes prostate cancer. The father of these brothers is heterozygous for each of the 
three mapping marker genes and also heterozygous for the prostate cancer mutation. Five 
of the brothers have prostate cancer caused by this mutation, and the other five do not. 
All of the brothers were tested to determine which alleles of the marker genes they 
inherited from their father. The data from these experiments is presented in the table 
below. 
* * 
7. From the information given above, which marker gene is the prostate cancer gene 
closest to? 
a. DS15-A 
b. DS15-B 
c. DS15-C 
8. In the father of the 10 brothers, which homolog is the mutant allele of the prostate 
cancer gene on? 
a. The homolog with the odd numbered alleles. 
b. The homolog with the even numbered alleles. 
9. The prostate cancer gene in this family and the genetic marker gene DS15-B undergo 
independent assortment. 
a. True 
b. False 
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10. The mutation that causes prostate cancer in this family affects a protein that normally 
functions as a cyclin dependent kinase inhibitor. From what you know about cancer, this 
cancer causing mutation is most likely a... 
a. a gain of function mutation. 
b. a loss of function mutation. 
11. The prostate cancer gene is sex linked. 
a. True 
b. False 
12. A mutation occurs in the coding sequence of a trk gene. The mutation is the change 
of a base sequence of a single codon, leading to a mis-sense mutation. This mutation is 
an important cause of cancer in the cells where it occurs, and causes disease even when a 
normal allele of this gene is present in these cells. The trk gene affected by this mutation 
is most likely to be.... 
a. a tumor suppressor gene. 
b. a proto-oncogene. 
13. The mutation in the previous question will have the biggest affect on. 
a. the regulation of transcription of the trk gene. 
b. the enzymatic function of the protein product of the trk gene. 
14. Individuals bom with a loss of function mutation in one of their two alleles of the 
p53 gene have La Fraumeni syndrome. Given what you know about p53, what kinds of 
disorders would you expect individuals with La Fraumeni syndrome to have? 
a. Slow growth and short stature. 
b. Tumor formation in many different tissues or organs. 
c. Tissue loss from excess apoptosis. 
d. Undersized organs from cell cycle arrest. 
e. all of the above 
15. BRCA1 mutations are dominant, since women that are heterozygous for the mutation 
have a dramatically increased chance of developing breast cancer. However, the cancer 
cells in the breast tumors of these women are homozygous for BRCA1 mutations, and 
have no functional copy of the BRCA1 gene. Which of the following represents the best 
explanation for this apparent contradiction? 
a. Breast cells are formed from meiotic divisions of stem cells, and the BRCA1 mutation 
segregates from the normal allele when these cells are formed. 
b. Sporadic mutations occur in the single normal copy of BRCA1 in women bom 
heterozygous for the mutation, and that loss contributes to tumor formation. 
c. All breast cells normally lose BRCA1, so it doesn’t matter how many normal copies 
are inherited. 
d. BRCA1 is a proto-oncogene, and mutations that cause over-activity of the gene lead to 
cancer. 
e. all of the above. 
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16. Advanced cancers are not only rapid growing, but they frequently also have a 
number of other properties including, dedifferentiation, ability to stimulate angiogenesis, 
and the ability to affect the metabolism of healthy tissue. How do tumors develop these 
additional properties? 
a. Tumor cells infect healthy cells and change their DNA. 
b. Tumor cells absorb extra chromosomes from healthy cells which leads to over 
expression of the genes the chromosomes contain. 
c. Clonal selection favors tumor cells with mutations that promote more rapid growth, 
and these cells come to make up relatively large parts of the tumor. 
d. all of the above 
17. Duchene muscular dystrophy (DMD) is an X-linked trait. If there are only two 
alleles of the DMD gene, how many possible genotypes are there? 
a. 1 
b. 2 
c. 3 
d. 4 
e. 5 
18. A mother who is heterozygous for the DMD mutant allele has a son. What is the 
chance that the son will inherit the mutant allele from his mother? 
a. 100% 
b. 50% 
c. 25% 
d. 0% 
e. It depends on whether the father also has the mutation. 
19. In human males, meiosis leads to the production of.... 
a. four diploid daughter cells. 
b. four haploid gametes. 
c. two diploid daughter cells. 
d. two haploid gametes. 
20. During meiosis, new combinations of alleles of linked genes are produced when 
crossing over occurs between... 
a. sister chromatids. 
b. homologous chromosomes. 
21. When comparing the karyotype of a cancerous cell to that of a normal cell, one 
would expect to see which of the following in the cancerous cell? 
a. extra copies of chromosomes 
b. missing chromosomes 
c. chromosomes with added fragments 
d. chromosomes with missing fragments 
e. all of the above 
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22. The compound benzopyrene is found in cigarette smoke, and is believed to 
contribute to the formation of cancer by... 
a. blocking the cell cycle. 
b. interfering with oxidative phosphorylation. 
c. preventing DNA replication. 
d. mutating the gene that codes for p53. 
23. Gain of function mutations in tumor suppressor genes are usually necessary for 
cancer development. 
a. True 
b. False 
24. If one strand of DNA has the base sequence 5’ATGCCG3’ the base sequence of the 
other strand would be.... 
a. 5’ATGCCG3’ 
b. 3’ATGCCG5’ 
c. 5TACGGC3’ 
d. 3’TACGGC5’ 
25. In the part of a transmembrane protein that is actually in the inside of the membrane 
(associated with the fatty acid side chains of the phospholipids), what kind of amino acids 
would be most common? 
a. hydrophilic 
b. hydrophobic 
c. acidic 
d. basic 
e. all of these are equally likely to be in the membrane. 
* 
* 
28. What is the relationship between glycolysis and oxidative phosphorylation 
a. Glycolysis supplies the ATP for oxidative phosphorylation. 
b. Glycolysis produces NADH that supplies electrons for oxidative phosphorylation. 
c. Glycolysis consumes the carbon dioxide that is produced during oxidative 
phosphorylation. 
d. Glycolysis and oxidative phosphorylation both consume ATP. 
29. What supplies energy to ATP synthase for the phosphorylation of ADP? 
a. Proton motive force 
b. ATP 
c. Fermentation 
d. Oxygen 
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30. Within an organism, muscle cells and liver cells owe their structural differences to... 
a. having different genes. 
b. having different chromosomes. 
c. using different genetic codes. 
d. expressing different genes. 
e. having unique ribosomes. 
31. Which of the following would pass most easily through the phospholipid bilayer of a 
cell membrane? 
a. nitrogen gas (N2) 
b. the amino acid tyrosine 
c. the sugar glucose 
d. potassium ion (K+) 
32. If the gene product of an oncogene is localized to the outer membrane of a cell, it is 
most likely to function as a... 
a. DNA polymerase. 
b. growth factor receptor. 
c. signal transducing kinase. 
d. transcription factor. 
33. Which of the following would be considered a mutation? 
a. A mistake during translation that produces a non-functional protein. 
b. A mistake during transcription that produces a messenger RNA that is different from 
the DNA template. 
c. A mistake during DNA replication that changes the coding sequence of a gene. 
d. All of the above would be considered mutations. 
34. Which of the following is NOT required for transcription? 
a. RNA polymerase 
b. ribosomes 
c. DNA 
d. ATP 
35. During photosynthesis that occurs in green plants, where do the electrons that supply 
reducing power come from in the first place? 
a. carbon dioxide (C02) 
b. water (H20) 
c. cyclic electron flow 
36. What is the relationship between DNA, genes and chromosomes? 
a. A chromosome contains hundreds of DNA strands which are composed of genes. 
b. A chromosome contains hundreds of genes which are composed of DNA. 
c. A gene contains hundreds of DNA strands which are composed of chromosomes. 
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d. A gene contains hundreds of chromosomes which are composed of DNA. 
37. A cell is in the process of passing through the G1 checkpoint and all conditions for 
the cell to proceed into S phase have been met. Which of the following would be true in 
this situation? 
a. G1 cyclins would be at low levels. 
b. G1 cyclin dependent kinase inhibitors would be at high levels. 
c. G1 cyclin dependent kinases would be enzymatically active. 
d. all of the above 
38. The uncoupler dinitrophenol (DNP) allows protons to move through the inner 
membrane of mitochondria without passing through ATP synthase (ATPase). A likely 
result of the presence of this uncoupler in mitochondria is that.... 
a. No ATP would be made. 
b. ATP would be made at a faster rate. 
c. Electron transport would back up and electrons would stop flowing. 
d. The Calvin cycle would fix more C02 into sugar. 
39. ATP synthase is present in mitochondria but not chloroplasts. 
a. True 
b. False 
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Scientific Thinking Survey 
Fall 2000 Pre 
Your answers to these questions are an essential student contribution to the evaluation 
and improvement of introductory science courses. You will not be graded on your 
performance, and your answers will be kept strictly confidential. Nonetheless, we ask you 
to answer thoughtfully and honestly. 
a. Please write your student ID number in the space below. Your ID number will not be 
used to identify you. It will be used to pair your survey responses from the pre semester 
survey with the post-semester survey. 
b. What Natural Science/Mathematics course(s) are you currently taking? 
Instructions: Write your answers directly on the paper provided. If you need more space, 
use the back of the sheet (please indicate the question number clearly). 
1. Sex male female 
2. Age 17-19 
20-21 
22-24 
over 24 
3. Year in school: 
Freshman, first year 
Sophomore, second year 
Junior, third year 
Senior, fourth year 
Graduate student 
4. Are you a transfer student? 
Yes No 
5. What is your major or concentration? 
Natural Science/Math 
Humanities and Arts Cognitive or 
Behavioral Science 
Social Sciences 
Undecided 
Other 
6. What is the primary reason yo are 
taking the science course(s) you are 
enrolled in this semester? 
To meet a college requirement in my 
major 
To meet a general college 
requirement 
I am not taking a science course this 
semester 
Because I am interested in the 
material. 
7. If you are a science major, what is your 
field? 
Nursing 
Nutrition 
Chemistry 
Biology 
Food Science 
Animal Science 
Engineering 
Plant/Soil Science 
Physics 
Geology 
Other 
8. In high school did you take 
Earth Science 
Ecology 
Environmental Science 
Biology 
Chemistry 
Physics 
Calculus 
150 
Questions 
l. Two people are sitting in a room at equal distances from a bottle of perfume. One 
minute after the bottle is opened, one person smells the perfume and the other 
person does not. 
A. List below as many questions as you can about why one person smells the 
perfume and the other does not. Try to generate questions that could be tested or 
investigated. 
1. 
2. 
3- 
4- 
5- 
6. 
7- 
8. 
9- 
10. 
B. Select one of your questions above that you find scientifically interesting and 
that could be investigated. Write a hypothesis for this question. (Just state a 
hypothesis. You do not have to go on to explain how it could be tested.) 
C. In general, what is a scientific hypothesis? 
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2. A farmer wanted to compare two corn varieties and their responses to varying 
amounts of water. She believed that Hybrid B would produce a better yield than 
Hybrid A, and she believed that daily watering would increase yields. She planted 
her north field with Hybrid A and her south field with Hybrid B. She watered one 
half of each field daily, while the other half of each field was watered once every 
four days. The resulting yields at harvest are shown below in a table and also in a 
graph. 
Yield in bushels 
per acre 
Watering 
interval 
l day 4 days 
Hybrid A: 108 6 3 
north field 
Hybrid B: 138 5 5 
south field 
A. The farmer had two hypotheses about the results of the experiment. They are: 
(l) that hybrid B would produce a better yield than hybrid A; and (2) that daily 
watering would increase yields. Do the data support these experimental 
hypotheses? Explain your answer in terms of the data. 
B. Did the farmer make any assumptions in setting up the experiment? List any 
assumptions that you can identify. 
C. Can you suggest any improvements in the design 
that would provide more evidence concerning the 
what you would do. 
of the farmer's experiment 
two hypotheses? Describe 
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4. Scientists have been studying the causes of Alzheimer’s disease in order to better 
understand and, hopefully, prevent it. As such, they have also been studying other, 
perhaps related, changes in the aging process. Some scientists believe the changes in 
the level of the hormone estrogen in aging women may be a factor in the onset of 
Alzheimer’s disease. Some studies point to Estrogen Replacement Therapy as a way to 
slow memory decline and work to prevent Alzheimer’s disease (they believe that 
estrogen enhances blood flow, stimulates nerve repair and, thereby, keeps nerve 
connections intact). Other studies have demonstrated the opposite results, showing 
increased loss of memory for women on Estrogen Replacement Therapy. In addition, 
the latter studies also point out the risk of other diseases associated with Estrogen 
Replacement Therapy. 
B. How can scientists disagree about the role of Estrogen Replacement Therapy in 
Alzheimer’s disease? 
C. In the case of this controversy, how might scientists go about resolving it? 
D. How would you decide whether or not Estrogen Replacement Therapy is a factor 
in the onset of Alzheimer’s disease? 
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Scientific Thinking Survey 
Fall 2000 Pre 
Your answers to these questions are an essential student contribution to the evaluation and improvement 
of introductory science courses. You will not be graded on your performance, and your answers will be 
kept strictly confidential. Nonetheless, we ask you to answer thoughtfully and honestly. 
a. Please write your student ID number in the space below. Your ID number will not be used to 
identify you. It will be used to pair your survey responses from the pre semester survey with the 
post-semester survey. 
b. What Natural Science/Mathematics course(s) are you currently taking? 
Instructions: Circle the appropriate answer directly on the paper provided 
A Sex male female 
B Age 17-19 
20-21 
22-24 
over 24 
C Year in school: 
Freshman, first year 
Sophomore, second year 
Junior, third year 
Senior, fourth year 
Graduate student 
D Are you a transfer student? 
Yes No 
E What is your major or concentration? 
Natural Science/Math 
Humanities and Arts Cognitive or 
Behavioral Science 
Social Sciences 
Undecided 
Other 
F What is the primary reason you are taking the 
science course(s) you are enrolled in this 
semester? 
To meet a college requirement in my 
major 
To meet a general college requirement 
I am not taking a science course this 
semester 
I am interested in the material. 
G If you are a science major, what is your field? 
Nursing 
Nutrition 
Chemistry 
Biology 
Food Science 
Animal Science 
Engineering 
Plant/Soil Science 
Physics 
Geology 
Other 
H In high school did you take 
Earth Science 
Ecology 
Environmental Science 
Biology 
Chemistry 
Physics 
Calculus 
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Questions 
Directions: Select the appropriate response and bubble the answer in the provided scantron. 
1. Two people are sitting in a room at equal distances from a bottle of perfume. One minute after the 
bottle is opened, one person smells the perfume and the other person does not. 
1. Many possible reasons can exist for why one person smells the perfume and the other does not. 
One option is that a wind factor could cause the odor of perfume to blow in one direction thus 
allowing the person positioned on the path of the breeze to smell the perfume. Which of the 
following best describes how this option could be tested. 
A Was there a draft in the room that affected the movement of perfume in the air? 
B If there were no draft in the room they would have both smelled the perfume at the same 
time. 
C Perfume movement is affected by drafts. If there were no drafts in the room, both people 
would smell it at the same time. 
D One person smelled the perfume and the other did not. 
2. Which of the following best defines a scientific hypothesis? 
A An observation about a phenomenon 
B A question about a phenomenon 
C A prediction about a phenomenon 
D A testable explanation of a phenomenon 
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2. A farmer wanted to compare two com varieties and their responses to varying amounts of water. She 
believed that Hybrid B would produce a better yield than Hybrid A, and she believed that daily 
watering would increase yields. She planted her North field with Hybrid A and her South field with 
Hybrid B. She watered one half of each field daily, while the other half of each field was watered 
once every four days. The resulting yields at harvest are shown below in a table and also in a graph. 
Yield in bushels 
per acre 
Watering 
interval 
1 day 4 days 
Hybrid A: 108 63 
North field 
Hybrid B: 138 55 
South field 
1. The farmer had two hypotheses: (1) that hybrid B would produce a better yield than hybrid A; and 
(2) that daily watering would increase yields. Which of the following statements is the best 
summary of the data as it relates to the hypotheses. 
A Yes, hybrid B did better than hybrid A and watering improved yields. 
B The hypotheses were partially supported, but hybrid B dicf better only when watered daily. 
C No, hybrid A did better than hybrid B when watered every 4 days. 
D The hypotheses were partially supported, but the farmer would need to repeat the experiment 
before she could know which hybrid was better. 
2. What assumptions did the farmer make in setting up the experiment? 
A That hybrid B would produce more com and that watering would improve yields. 
B That using two different watering schedules would be enough. 
C That the two fields have the same growing conditions. 
D That there is a difference between the yields of different com varieties. 
3. What improvement in the design of the farmer's experiment would NOT provide more evidence 
concerning the two hypotheses? 
A Use more than 2 watering schedules. 
B Repeat the experiment a number of times. 
C Switch the fields. 
D Compare yields with another farmer. 
157 
3. It has been observed that some birds living close to the equator lay fewer eggs than birds living 
farther from the equator. A team of scientists wanted to test the hypothesis that there would be a linear 
(or straight-line) relationship between the average number of eggs that ducks lay at a given time and the 
ducks’ latitude (or distance north of the equator). They counted the number of eggs produced by ten 
ducks of the same species at each of several latitudes and calculated average numbers of eggs per 
individual duck. The data are listed below and are also given in a graph. 
Latitude 
(degrees from 
equator) 
Average 
Number of 
eggs 
3 1.7 
15 4.1 
22 5.5 
30 4.4 
42 8.3 
48 6.5 
61 6.3 
71 8.8 
Average Number of Eggs per Duck by 
Latitude 
Average 
number of 
eggs/duck 
Latitude (degrees from equator) 
1. Does the data support the hypothesis that the relationship between latitude and number of eggs is 
linear? 
A No, there is no support to the hypothesis that the relationship is linear. 
B Yes, there is good evidence for a linear relationship with some systemic variability. 
C Yes, there is support for latitudes 30 and under. 
D No, there is only support for a non-linear relationship. 
2. What are some things that could be done to further evaluate the hypothesis of a linear relationship 
between latitude and number of eggs? {If necessary, pick more than one) 
A Repeat with more latitudes. 
B Repeat with different species of ducks. 
C Repeat with same species of ducks south of the equator. 
D Repeat with more ducks. 
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Scientific Survey Quiz 
Biology 100 Dec. 14, 2001 
Student ID# _ 
Section 
_Section 1 (Goodwin) 
_Section 2 (Phillis) 
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Student A hypothesized that plants obtained their energy from light and student B 
hypothesized that plants obtained their energy from nutrients in the soil. They set 
up the following experiment: Each of several groups of plants received different 
treatments of light and fertilizer. After all the seedlings grew for 21 days, the 
energy in each group of plants was measured using an instrument called a bomb 
calorimeter. The treatments and results of the energy measurements are shown 
below: 
Light intensity 10 20 30 40 50 
Fertilizer (grams) 1 2 3 4 5 
Energy Content after 21 974 1190 1510 2170 2865 
days (KCal) 
Which of the following would be the best statement about the data from the 
students' experiments? 
A. The data prove both hypotheses. 
B. The data contradict student A's hypothesis but support student B's 
hypothesis. 
C. The data contradict both hypotheses. 
D. The data contradict student B's hypothesis but support student A's 
hypothesis. 
E. The data are consistent with both hypotheses. 
Would you redesign their experiment, and if so, how? If not, why not? (Use the 
same hypotheses). 
161 
mitochondrion % = H+(hydrogen ions) 
2. In the mitochondrion, the electron transport system pumps protons (H+) from 
the matrix into the intermembrane space. This creates a gradient of H+ (more in 
the intermembrane space than in the matrix). Both membranes are impermeable 
to H+ (protons can not cross the membrane with out help from enzymes). ATP 
synthase is an enzyme complex in the inner membrane that uses the flow of H+ 
down the gradient (back into the matrix) to produce ATP. 
2a. If you could increase the concentration of H+ in the intermembrane space it 
would 
A. stop the production of ATP immediately. 
B. increase production of ATP. 
C. decrease production of ATP. 
D. have no effect on the production of ATP. 
Why? 
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2b. If you could increase the concentration of H+ in the matrix to exceed the 
concentration in the intermembrane space it would 
A. stop the production of ATP immediately. 
B. increase production of ATP. 
C. decrease production of ATP. 
D. have no effect on the production of ATP. 
Why? 
3. The hormone adrenaline is a small molecule that affects many cell types. The 
basic mechanism is that adrenaline binds to a receptor protein on the outer 
surface of the cell membrane. The receptor then converts a G protein on the 
inside of the cell into an active form. The auive G protein then activates an 
enzyme called adenylyl cyclase. Active adenylyl cyclase converts ATP into cyclic 
AMP (cAMP). The enzyme phosphodiesterase removes cAMP from the cell by 
converting it into AMP. 
Elevated levels of cAMP have different effects in different cells. For instance, 
in fat cells elevated cAMP increases the rate of metabolism of fat to produce 
energy, in cardiac muscle cells elevated cAMP increases the rate of contraction, 
in intestinal cells elevated cAMP increases the rate of secretion of water into the 
intestine, and in skeletal muscle cells elevated cAMP increases the rate of 
conversion of glycogen into glucose. 
3a. An individual that has a defect in the gene that codes for the 
phosphodiesterase such that this enzyme has only one tenth its normal rate of 
activity might be expected to show which of the following symptoms? 
a. An inability to gain weight 
b. An inability to lose weight 
Explain your answer. 
3b. The bacterium Vibrio cholera produces the disease cholera by colonizing the 
small intestine and producing a toxin. The toxin is an enzyme that causes the G 
protein to be stuck in the active form. Based on the information provided above 
suggest a mechanism by which Vibrio cholera infection could lead to diarrhea. 
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